AD 


Award  Number:  DAMD17-99-1-9081 


TITLE:  Roles  of  the  Mitotic  Checkpoint  Regulators  Pinl  and  Pin2 

in  Breast  Cancer 


PRINCIPAL  INVESTIGATOR:  Gerburg  M.  Wulf,  M.D.,  Ph.D. 

Kun  Ping  Lu,  M.D.,  Ph^D. 

CONTRACTING  ORGANIZATION:  Beth  Israel  Deaconess  Medical  Center 

Boston,  Massachusetts  02215 

REPORT  DATE:  July  2002 


TYPE  OF  REPORT:  Annual  Summary 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


20030401  106 


T 


i  - - - — - 

REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  074-01 PR 

the  data  needed,  and  completing  and  reviewing  this  collection  of  information  Send  coSLnS instructions  searching  existing  data  sources,  gathering  and  maintaining 
reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Info^natioToJeitions  and  ^ny  other  aspect  of  this  collection  of  information,  including  suggestions  for 

Management  and  Budget,  Paperwork  Reduction  Project  (0704-01881.  WashinofSTnc  ?nso3  d  Rep0rtS* 1215  Jefferson  DavfS  HlShv^y,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of 

1 .  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE  "^REPORT  TYPE  AND  DATES  COVERED  - - 

'  ,  t,*t.  _ _ 1 - — ly  2002  _  Annual  Summary  (l  Jul  99  -  TO  .Tim  rm 

Ill  LC  MRIU  5Ut$  I  1 1  Lt 

Roles  of  the  Mitotic  Checkpoint  Regulators  Pinl 
and  Pin2  in  Breast  Cancer 

5.  FUNDING  NUMBERS 

DAMD17- 99 -1-9081 

6.  AUTHOR(S)  ~  —  - - - 

Gerburg  M.  Wulf,  M.D.,  Ph.D. 

Kun  Ping  Lu,  M.D.,  Ph.D. 

7,  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Beth  Israel  Deaconess  Medical  Center 

Boston,  Massachusetts  02215 

E-Mail:  gwulf@caregroup.harvard.edu 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING  /  MGNI 1  OKING'  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 

10.  SPONSORING  l  MONITORING 

AGENCY  REPORT  NUMBER 

1  1  .  OUrrLElVltM  1  AKY  nit  i  1  Fs  - - - - - - - - 

I^d.  ljio  1  niisu  I IUW  /  AVAILABILITY  STATEMENT - - - - - 

Approved  for  Public  Release;  Distribution  Unlimited 

13.  Abstract  /Maximum  onn  :.T5 - r-r - -i — - — . . . 

12b.  DISTRIBUTION  CODE 

I  S  I*  recently  identified  a  new  protein,  Pinl,  that  is  involved  in  checkpoint 
control.  Pxnl  interacts  with  mitotic  phosphoproteins  and  helps  to  orchestrate  the  timincr 

er“ts-.r:  £°und  that  Plnl  is  hi’hiy  g 

Y  f  late  “lth  the  1*™1*  nyclin  D1  protein  as  well  as  with  cyclin  "i 

cyclin  Dl  ictiv.tiof o1””0”' , have, sho"n  ‘hat  Pinl  is  a  transcriptional  acitvator  ot 
cyclin  Dl.  Activation  occurrs  indirectly  through  the  binding  of  phosphorvlated  c-iun  Our 

“  I1”1  ”ay  contribute  b°  neoplastic  transformation  by  causing  3 
reo^Mno  «ftCyC  "  ’w1"  addition'  pinl  nontributes  to  cyclic  Dl  overexpLssion  by 

.,  ™'-'er  and  subcellular  localization  of  beta-oatenin  and  inhibiting  its 

usLl  proliferative  burst PdI’1’lln°Clt‘°"t  mida'  ma"mary  ePithellal  nells  fail  to  undergo  the 
usual  proliferative  burst  during  pregnancy,  a  phenotype  that  is  very  similar  to  the  cvclin 

th%PIN1  f”e  it5Sl£  13  a”  E2P  tar«at  5-0  ah  essential  f «  " 

Neu/Ras  induced  transformation  of  mammary  epithelial  cells. 

It.  OUDJtUI  IfcHRflS 

breast  cancer,  Pinl,  Pin 

2 1  mitotic  checkpoint  regulators 

i — — - - — _ _ _ _ _ _ _ 

15.  NUMBER  OF  PAGES 

84 

ie.  PRICE  CODE 

17,  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 

NSN  7540-01-280-5500 

18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 

19.  SECURITY  CLASSIFICATION 

OF  ABSTRACT 

Unclassified 

20.  LIMITATION  OF  ABSTRACT 

Unlimited 

Standard  Form  298  {Rev,  2-89) 

Prescribed  by  ANSI  Std.  Z39-1 8 
298-102 


Table  of  Contents 


Cover . 

SF  298... . . . . 

Table  of  Contents . . 

Introduction . 

Body . . . 

Key  Research  Accomplishments........ . 

Reportable  Outcomes 

Conclusions.. . . 

References . . . 

Appendices............... 


1 


3... 


4-6. 


. .  6-7. 


7.... 

7. 

7-8... 


.9 


t 


4 


Jt 


Role  of  the  Prolyl  Isomerase  Pinl  in  Oncogenesis 

Gerburg  M,  Wulf 

I.  Introduction 

Phosphorylation  of  proteins  on  serine  or  threonine  residues  preceding  proline 
(Ser/Thr-Pro)  is  a  major  intracellular  signaling  mechanism.  The  peptidyl-prolyl  cis-trans 
isomerase  Pinl  has  recently  been  shown  to  isomerize  phosphorylated  Ser/Thr-Pro  motifs  in 
a  specific  subset  of  phosphoproteins.  This  "post-phosphorylation"  isomerization  leads  to 
conformational  changes  in  the  substrate  protein  and  modulates  their  functional  properties. 

Thus,  Pinl  may  provide  a  new  post-translational  level  of  control  that  orchestrates  the 
general  increase  in  serine-phosphorylation  and  results  in  an  organized  set  of  mitotic  events. 

Early  on  Pinl  had  been  shown  to  interact  with  a  wide  range  of  mitotic  phosphoproteins,  and 
the  presence  of  Pinl  is  essential  for  progression  through  mitosis.  Recently,  overexpression  of  Pinl 
was  found  in  a  high  percentage  of  human  cancers,  most  exhaustively  studied  in  breast  cancer.  In 
cancer  cells,  Pinl  regulates  the  expression  of  cyclin  D1  through  (a)  cooperation  with  Ras  signaling 
(b)  inhibiting  the  interaction  of  beta-catenin  with  APC  and  (c)  direct  stabilization  of  the  cyclin  D1 
protein.  In  addition,  we  have  recently  identified  Pinl  itself  as  a  downstream  target  of  oncogenic 
Ras/Neu  signaling  via  activation  of  die  E2F  transcription  factor. 

II.  Body 

Task  1  (months  1  - 12) 

To  examine  whether  Pinl  or  Pin2  are  candidate  tumor  markers  for  breast  cancer 

Given  that  Pinl  regulates  the  conformation  of  certain  phosphorylated  Ser/Thr-Pro 
motifs,  we  first  asked  whether  Pinl  expression  is  aberrandy  regulated  in  human  breast 
cancer.  Initially  we  examined  the  levels  of  Pinl  expression  in  normal  and  neoplastic  breast 
tissues.  In  10  normal  and  51  primary  human  breast  cancer  tissues  examined,  we  observed 
striking  differences  in  the  levels  of  Pinl  protein  expression.  71  %  of  grade  II  tumors  and  90 
%  grade  III  tumors  overexpressed  Pinl.  Although  we  observed  considerable  inter¬ 
individual  variations,  especially  in  grade  II  and  III  tumors,  the  mean  expression  level  of 
Pinl  was  about  10  times  higher  in  cancer  samples  than  in  the  normal  controls.  Pinl  levels 
positively  correlated  with  the  tumor  grade  in  invasive  breast  cancer,  as  determined  by 
Kruskal  Wallis  test.  For  further  details  please  see  reference  1.  Given  the  striking  expression 
data  we  analyzed  whether  Pinl  expression  correlated  with  any  known  breast  cancer  marker. 

It  turned  out  that  Pinl  levels  tightly  correlated  with  cyclin  D1  levels.  There  was  a  positive 
correlation  with  Her2/neu  expression  that  did  not  reach  statistical  significance  because  of 
the  small  number  of  samples.  Consistent  with  the  tight  correlation  between  Pinl  and  cyclin 
D1  observed  in  human  breast  cancer  samples,  Pinl  positively  regulates  cyclin  D1  function 
at  the  transcriptional  level  in  collaboration  with  several  different  oncogenic  signaling 
pathways  and  also  through  post-translational  stabilizatio  (1 , 2, 3, 6). 

Pinl  binds  phosphorylated  c-Jun  on  Ser  63/73-Pro  motifs  and  thereby  increases  its 
transcriptional  activity  towards  the  cyclin  D1  promoter  via  the  AP-1  site.  The  AP-1 
complex  regulates  a  wide  range  of  cellular  processes,  including  cell  proliferation,  cell  death, 
survival  and  differentiation.  Pinl  binds  c-Jun,  that  is  phosphorylated  on  Ser  63  and  73,  and 
also  increases  its  ability  to  activate  the  cyclin  D1  promoter  in  cooperation  either  with 
activated  JNK  or  oncogenic  Ha-Ras.  In  contrast,  inhibition  of  endogenous  Pinl  reduces  the 
transcriptional  activity  of  phosphorylated  c-Jun,  indicating  that  endogenous  Pinl  is  also 
required  for  the  optimal  activation  of  c-Jun.  Thus,  Pinl  is  a  potent  modulator  of 
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phosphorylated  c-Jun  In  inducing  cyclin  D1  expression,  presumably  by  regulating  the 
conformation  of  the  phosphorylated  Ser-Pro  motifs  in  c-Jun.  These  studies  on  the 
biochemical  consequences  of  Pinl  overexpression  were  performed  in  addition  to  what  was 
proposed  in  Task  1,  and  this  change  in  strategy  was  prompted  by  the  clinicophathological 
data,  i.e,  the  close  correlation  of  Pinl  overexpression  with  cyclin  Dl. 

The  extraction  of  genomic  DNA  from  the  archival  tissues  for  Southern  blotting  for 
telomer  length  or  amplification  of  the  PIN1  gene  met  with  unexpected  difficulties:  The 
quality  and  quantity  of  the  DNA  isolated  from  the  tissues  that  were  up  to  15  years  old  was 
not  sufficient  for  Southern  blot  analysis.  Therefore,  these  analyses  will  be  performed  using 
a  different  tissue  bank,  we  will  try  to  do  this  through  the  SPORE  breast  cancer  grant 
sponsored  tissue  bank  at  the  Harvard  Cancer  Center. 

PIn2  levels  in  the  50  tumor  specimen  were  significantly  lower  then  in  the  1 0  normal 
specimen  examined,  however  there  was  no  correlation  with  tumor  grade,  LN  status  of  the 
patient,  Cyclin  Dl  or  PCNA  or  Estrogen  Receptor  Status.  All  the  pertinent  results  are 
presented  in  the  attached  paper  published  in  Oncogene  (5).  The  interaction  of  Pinl  and  Pin2 
with  the  tumor  suppressor  nm23  has  not  yet  been  pursued,  because  we  gave  the  analysis  of 
the  oncogenic  properties  of  Pinl  priority.  I  do  want  to  add,  though,  that  an  independent 
yeast  two  hybrid  screening  performed  by  Dr.  Xiao  Zhou  in  our  laboratory,  has  confirmed 
the  interaction  of  Pin2  with  nm23.  Work  on  this  task  will  be  started  soon. 

Task  2  (months  12-36) 

To  analyze  the  role  that  Pinl  and  Pin2  play  in  neoplastic  transformation  in  vitro  and  in  vivo 
Several  MCF7  cell  lines  inducible  for  Pinl  had  been  established.  Indueibility  h M 
been  verified  by  Western  Blotting  (see  Fig.  3  in  reference  1).  The  induction  of  Pinl  caused 
an  increase  in  cyclin  Dl  expression.  However,  it  turned  out  that  additional  (transgenic) 

Pinl  did  not  affect  the  behavior  of  these  cells  in  the  matrigel  assay.  Also  cell  cycle 
ditribution  and  growth  pattern  remained  unaffected.  In  essence,  it  was  not  possible  to  alter 
an  already  transformed  phenotype  through  an  increase  in  Pinl  levels.  Therefore,  we 
resorted  to  immortalized  human  mammary  epithelial  cells  that  are  not  yet  transformed.  We 
stably  transfected  GFP-Pinl  and  control  GFP  into  MCF-10A  cells,  a  spontaneously 
immortalized,  but  non-transformed  mammary  epithelial  cell  line  that  has  been  widely  used 
for  cell  transformation  studies.  Multiple  stable  cell  lines  were  obtained  that  had  similar 
properties  (3),  Consistent  with  our  previous  studies  (1, 2),  cyclin  Dl  protein  levels  were 
elevated  in  these  GFP-Pinl  stable  clones  as  compared  with  control  GFP  cells,  with  cyclin 
Dl  levels  correlating  with  exogenous  Pinl  expression  levels  (Fig.  5  A  of  ref  3).  Although 
there  was  no  detectable  difference  in  cell  morphology  and  growth  rate  on  plastic  plates 
between  GFP-Pinl  and  control  GFP  cell  lines,  overexpression  of  GFP-Pinl,  but  not  GFP, 
conferred  anchorage-independent  cell  growth  in  soft  agar  (Fig.  5B  of  ref  3).  However,  the 
size  and  frequency  of  colonies  were  much  less  than  those  of  Neu/Ras-transformed  MCF- 
10A  cells  (Fig.  5B  vs  Fig.  6F  of  ref  3).  Moreover,  like  parental  MCF-10A  cells,  GFP-Pinl 
stable  cell  lines  were  unable  to  survive  in  DMEM  media  supplemented  withl0%  fetal 
bovine  serum  (data  not  shown),  while  Neu/Ras-transformed  MCF-10A  cells  can  grow 
normally  in  this  medium  (Fig.  6C  of  ref  3).  These  data  suggest  that  although 
overexpression  of  Pinl  appeared  to  be  insufficient  to  fully  transform  MCF-10A  cells,  it 
might  trigger  some  early  events  of  cell  transformation. 
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To  further  investigate  this  possibility,  we  performed  a  three-dimensional  cell  differentiation 
assay  using  exogenous  basement  membrane  matrix  (Matrigel).  We  found  that  GFP- 
expressing  cells  formed  acini  with  basally  polarized  nuclear  organization,  intact  cell-cell 
junctions  and  visible  lumina  inside,  as  indicated  by  immunostaining  with  antibodies  against 
the  cell-cell  junction  marker  E-cadherin  and  with  the  DNA  dye  TOPRO,  followed  by 
confocal  microscopy  (Fig.  5C  of  reference  3).  Expression  of  GFP-Pinl  had  a  profound 
effect  on  the  morphology  and  organization  of  acinar  formation.  Colonies  formed  by  GFP- 
Pinl -expressing  cells  exhibited  the  disorder  in  the  nuclear  polarity  and  cell  arrangement 
without  lumen  inside,  disruption  of  basement  membrane  and  impairment  in  cell-cell 
junction  (Fig,5B  lower  of  reference  3),  Furthermore,  GFP-Pinl,  but  not  GFP-expressing 
cells  had  cell  surface  spikes  protruding  into  the  Matrigel  (arrows  in  Fig.  5D  upper  of 
reference  3).  These  results  suggest  that  Pinl  overexpression  can  induce  events  associated 
with  early  stages  of  mammary  tumorigenesis. 

To  verify  these  results  in  vivo  we  generated  transgenic  mice:  An  expression  vector 
controlling  Pinl  expression  from  the  MMTV  promoter  was  constructed,  and  injected 
blastocytes  in  our  transgenic  facility.  We  have  now  a  number  of  transgenic  Pinl  mice  which 
we  are  currently  screening  for  the  expression  of  the  Pinl  transgene.  Subsequently,  I  will 
analyze  the  incidence  of  breast  cancer  in  these  mice. 

In  addition,  we  were  able  to  obtain  Pinl  knock-out  mice  from  a  Japanese  group.  I 
am  currently  performing  breeding  experiments  with  ras  and  neu  transgenic  mice.  My 
question  here  is  whether  the  Pinl  -/-  background  protects  these  mice  from  ras  or  neu 
induced  breast  cancers.The  results  from  these  experiments  are  still  preliminary  because  I  am 
still  breeding  and  analyzing  the  mice.  However,  to  date  Pinl  +/-  mice  (heterozygous  mice) 
that  are  transgenic  for  either  the  Her2neu,  Ras  or  the  c-myc  oncogene  show  a  significant 
delay  in  developing  tumors  (average  and  median  2  months). 

GST-Pinl  proteins  and  its  mutants  were  synthesized  as  indicated  in  task  2  and  used 
for  interaction  studies  (1-6). 

In  summary,  the  analysis  of  the  data  obtained  in  task  1  led  to  the  unexpected 
discovery  that  Pinl  activates  the  transcription  of  cyclin  D1  through  binding  and  activating 
c-Jun  and  beta-catenin.  Because  cyclin  D1  plays  a  much  larger  role  in  breast  cancer 
carcinogenesis  then  nm23,  the  focus  was  shifted  from  studying  the  interaction  on  Pinl  with 
nm23  to  its  interaction  with  c-Jun  and  beta-catenin.  The  cell  line  experiments  outlined  in 
task  2  were  performed  but  not  with  MCF-7  as  originally  planned.  Instead  non-transformed 
cells  (MCF10A)  were  used  which  allowed  us  to  show  the  transforming  properties  of  Pinl  in 
cooperation  with  either  Ras  or  the  Her2/neu  oncogene. 

III.  Key  Research  Accomplishments 

Examination  of  Pinl  levels  in  50  primary  breast  cancer  specimen 
Pinl  is  overexpressed  in  75%  of  breast  cancers 

Correlation  of  Pinl  levels  with  clinicopathologic  characteristics  of  the  tumors 
Pinl  levels  correlate  with  tumor  grade  and  cyclin  D1  levels 
Examination  of  the  Pinl  interactions  in  vitro 

Pinl  is  a  transcriptional  cotransactivator  of  the  cyclin  D1  promoter  and  interacts  with  c- 
jun  as  well  as  beta-catenin. 

Pinl's  crucial  role  in  Ras  and  Her2/neu  signal  transduction  cascades  were  discovered 
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-  Pinl-transgenic  mice  were  generated  Pinl  null  mice  obtained.  These  are  currently 
being  bred  with  various  mouse  breast  cancer  models 


IV.  Reportable  Outcomes 

-  Manuscripts:  see  attachment 

1.  Kishi  S,  Wulf  G,  Nakamura  M  and  Lu  KP.  Telomeric  Protein  Pin2/TRF1  Induces 
Mitotic  Arrest  and  Apoptosis  in  Cells  with  Short  Telomeres  and  is  Down-regulated  in 
Human  Breast  Tumors.  Oncogene  2001, 20:1497-1508 


2.  Wulf  G,  Ryo  A,  Wulf  GG,  Lee  SW,  Niu  T,  Petkova  V  and  Lu  KP.  Pinl  is  overexpressed 
in  breast  cancer  and  cooperates  with  Ras  signaling  in  increasing  c-Jun  transcriptional 
activity  towards  cyclin  Dl.  EMBO  J.  2001  20:  3459-3472 


3.  Ryo  A,  Nakamura  M*,  Wulf  G*,  Liou  Y*  and  Lu  KP.  Prolyl  isomerase  Pinl  regulates 
turnover  and  subeellular  localization  of  beta-catenin  by  inhibiting  its  interaction  with 
APC.  Nature  Cell  Biology,  2001  (3):  793-801 

*  These  authors  contributed  equally  to  this  paper 

4.  Ryo  A,  Liou  Y,  Wulf  G,  Nakamura  M,  Lee  S  and  Lu  KP.  PIN1  is  an  E2F  Target  Gene 
Essential  for  Neu/Ras-Induced  Transformation  of  Mammary  Epithelial  Cells.  MCB 
2002, 22(15):  5281-5295 

Patent 

Zhou  XZ,  Wulf  G  and  Lu  KP.  Pinl  as  a  Marker  for  Abnormal  Cell  Growth,  U.S.  Patent 
No.60/1 67,800 

V.  Conclusions 

-  The  prolylisomerase  Pinl  may  promote  tumor  growth  through  the  accumulation  of 
cyclin  Dl  and  through  the  potentiation  Ras  and  Her2/neu  oncogenic  signalling 
Because  of  its  unique  enzymatic  function  Pinl  could  serve  as  a  target  for  inhibitory 
drugs. 
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Phosphorylation  on  serines  or  threonines  preceding 
proline  (Ser/Thr-Pro)  is  a  major  signaling  mechanism. 
The  conformation  of  a  subset  of  phosphorylated  Ser/ 
Thr-Pro  motifs  is  regulated  by  the  prolyl  isomerase 
Pinl.  Inhibition  of  Pinl  induces  apoptosis  and  may 
also  contribute  to  neuronal  death  in  Alzheimer’s  dis¬ 
ease.  However,  little  is  known  about  the  role  of  Pinl  in 
cancer  or  in  modulating  transcription  factor  activity. 
Here  we  report  that  Pinl  is  strikingly  overexpressed 
in  human  breast  cancers,  and  that  its  levels  correlate 
with  cyclin  D1  levels  in  tumors.  Overexpression  of 
Pinl  increases  cellular  cyclin  D1  protein  and  activates 
its  promoter.  Furthermore,  Pinl  binds  c-Jun  that  is 
phosphorylated  on  Ser63/73-Pro  motifs  by  activated 
JNK  or  oncogenic  Ras.  Moreover,  Pinl  cooperates 
with  either  activated  Ras  or  JNK  to  increase  tran¬ 
scriptional  activity  of  c-Jun  towards  the  cyclin  D1  pro¬ 
moter.  Thus,  Pinl  is  up-regulated  in  human  tumors 
and  cooperates  with  Ras  signaling  in  increasing  c-Jun 
transcriptional  activity  towards  cyclin  Dl.  Given  the 
crucial  roles  of  Ras  signaling  and  cyclin  Dl  over¬ 
expression  in  oncogenesis,  our  results  suggest  that 
overexpression  of  Pinl  may  promote  tumor  growth. 
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Introduction 

The  reversible  phosphorylation  of  proteins  on  serine/ 
threonine  residues  preceding  proline  (pSer/Thr-Pro)  is  a 
key  regulatory  mechanism  for  the  control  of  various 
cellular  processes,  including  cell  division  and  transcription 
(reviewed  by  Hunter  and  Karin,  1992;  Nurse,  1994;  Nigg, 
1995;  Treisman,  1996;  Whitmarsh  and  Davis,  1996;  Karin 
et  al,  1997).  For  example,  various  growth  factors  and 
oncoproteins,  such  as  oncogenic  Ras,  trigger  a  signaling 
cascade  leading  to  the  activation  of  c-Jun  N-terminal 
kinases  (JNKs),  which  phosphorylate  c-Jun  on  Ser63/73-Pro 
and  enhance  its  transcriptional  activity  towards  c-Jun 
target  genes,  including  cyclin  Dl  (Bineiray  et  al ,  1991; 
Smealefa/.,  1991;Derijarde?3/.,  1994;  Hind  setal,  1994; 
Albanese  et  al ,  1995,  1999;  Fantl  et  al .,  1995;  Sicinski 


et  al ,  1995;  Robles  et  al ,  1998;  Bakiri  et  al ,  2000). 
Overexpression  of  cyclin  Dl  often  occurs  in  a  variety  of 
human  cancers  (Hunter  and  Pines,  1994),  including  -50% 
of  human  breast  tumors  (Bartkova  et  al ,  1994;  Gillett 
et  al .,  1994;  Lin  et  al .,  2000).  Importantly,  cyclin  Dl  can 
act  as  an  oncogene  that  contributes  to  cell  transformation 
by  complementing  a  defective  El  A  oncogene  (Hinds  et  al , 
1994).  Conversely,  inhibition  of  cyclin  Dl  expression 
causes  growth  arrest  in  tumor  cells  (Schrump  et  al ,  1996; 
Arber  et  al ,  1997;  Driscoll  et  al ,  1997;  Kommann  et  al , 
1998).  Moreover,  knockout  of  cyclin  Dl  in  mice  blocks 
the  proliferation  of  breast  epithelial  cells  and  retina,  and 
inhibits  tumor  development  in  response  to  Ha-Ras  (Fantl 
et  al ,  1995;  Sicinski  et  al ,  1995;  Robles  et  al ,  1998; 
Rodriguez-Puebla  et  al ,  1999).  These  results  indicate  that 
cyclin  Dl  plays  an  important  role  during  oncogenesis, 
acting  as  a  downstream  mediator  of  Ras  activity  during 
tumor  development,  and  that  phosphorylation  of  c-Jun  on 
Ser6303-Pro  motifs  is  an  important  mechanism  for  the  Ras- 
dependent  up-regulation  of  cyclin  Dl.  However,  it  is  not 
clear  whether  the  c-Jun  activity  is  further  regulated  after 
Pro-directed  phosphorylation. 

Compelling  evidence  supports  an  additional  and  crucial 
signaling  mechanism,  which  affects  the  state  of  Pro- 
directed  phosphorylation  sites,  namely  the  conformational 
change  induced  by  phosphorylation-specific  prolyl  iso¬ 
merization.  Such  conformational  change  can  regulate 
protein  function  (Zhou  et  al ,  1999),  The  phosphorylated 
Ser/Thr-Pro  moiety  exists  in  two  distinct,  slowly  inter¬ 
converting  conformations:  cis  and  tram.  This  conforma¬ 
tional  change  introduces  kinks  into  a  peptide  chain, 
thereby  determining  protein  structure  and  function 
(Fischer,  1994;  Galat  and  Metcalfe,  1995;  Schmid,  1995; 
Hunter,  1998;  Zhou  et  al ,  1999).  Significantly,  phos¬ 
phorylation  on  Ser/Thr-Pro  motifs  further  restrains  the 
already  slow  cisltrans  prolyl  isomerization  of  peptide 
bonds  (Yaffe  et  al ,  1997;  Schutkowski  et  al ,,  1998), 
and  also  renders  them  resistant  to  the  catalytic  action 
of  conventional  peptidyl-prolyl  cisltrans  isomerases 
(PPIases),  including  cyclophilins  and  FK506-binding 
proteins  (Yaffe  et  al ,  1997).  In  contrast,  Pinl  represents 
a  new  subfamily  of  highly  conserved  and  phosphorylation- 
specific  PPIases  that  isomerize  only  the  phosphorylated 
Ser/Thr-Pro  bonds,  and  not  their  non-phosphorylated 
counterparts  (Yaffe  et  al ,  1997).  Pinl  contains  an 
N-terminal  WW  domain  and  a  C-terminal  PPIase  domain 
(Lu  et  al ,  1996;  Ranganathan  et  al ,  1997).  The  WW 
domain  functions  as  a  pSer/Thr-binding  module,  interact¬ 
ing  with  specific  pSer/Thr-Pro  motifs  present  in  a  defined 
subset  of  phosphoprotein  substrates,  including  Cdc25C, 
tau,  Mytl,  S6  kinase,  Rab4  and  the  C-terminal  domain  of 
RNA  polymerase  II  (Lu  et  al ,  1999b),  At  the  substrate,  the 
PPIase  domain  of  Pinl  isomerizes  specific  pSer/Thr-Pro 
bonds,  and  regulates  protein  function  and  dephosphoryl- 
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Fig*  1.  Immunostaining  of  Pinl  in  human  breast  cancer.  Sections  from  paraffin-embedded  tissues  were  subjected  to  an  antigen  retrieval  treatment, 
followed  by  immunostaining  with  anti-Pin  1  antibodies.  Non-cancerous  tissues  (A  and  B;  normal  breast  with  mild  fibrocystic  changes)  show  weak, 
but  detectable,  Pinl  staining,  while  invasive  ductal  carcinomas  (C  and  D)  or  ductal  carcinoma  in  situ  (E)  show  intense  Pinl  staining.  To  show  the 
specificity  of  Pinl  antibodies,  Pinl -specific  antibodies  were  first  depleted  using  GST-Pinl  beads  and  then  used  to  stain  the  breast  sections  (F). 


ation  (Yaffe  et  al ,  1997;  Shen  et  al,  1998;  Lu  et  al , 
1999b;  Zhou  et  at.,  1999,  2000).  For  example,  in  the  case 
of  Cde25€,  Pinl  binds  phosphorylated  Cdc25C,  and 
inhibits  its  activity  to  dephosphorylate  and  activate  Cdc2 
(Shen  et  al. ,  1998;  Zhou  etal ,  2000).  However,  in  the  case 
of  tau,  Pinl  binds  Alzheimer’s  disease-associated  phos¬ 
phorylated  tau  and  restores  its  biological  function  to 
promote  microtubule  assembly  (Lu  et  ah ,  1999a;  Zhou 
et  ah,  2000),  These  results  indicate  that  Pinl  plays  an 
important  role  in  the  regulation  of  a  defined  subset  of 
phosphorylated  proteins. 

Functionally,  Pinl  is  critical  for  cell  proliferation 
in  vivo.  Temperature-sensitive  mutations  or  deletion  of 
the  Essl  gene  (the  Pinl  homologue  in  budding  yeast) 
result  in  mitotic  arrest  and  nuclear  fragmentation  (Hanes 
et  at. ,  1989;  Hani  et  al,  1995, 1999;  Lu  et  al,  1996).  These 


arrested  cells  have  defective  3'  end  formation  of  pre- 
mRNA,  and  decreased  levels  of  some  mRNAs  (Hani  et  at., 
1999;  Wu  et  al,  2000).  However,  it  remains  to  be 
determined  whether  these  defects  are  primarily  due  to  the 
effect  of  Essl  on  the  general  transcription  machinery,  as 
suggested,  or  secondarily  due  to  the  fact  that  these  cells  are 
arrested  in  mitosis  with  fragmented  nuclei,  or  both. 
Inhibition  of  the  Pinl  function  in  human  tumor  cells 
using  expression  of  the  Pinl  antisense  RNA  or  dominant¬ 
negative  mutants  induces  mitotic  arrest  and  apoptosis  (Lu 
et  al,  1996;  Rippmann  et  al,  2000;  PJ.Lu,  X,Z.Zhou, 
Y.-C.Liou,  J.P.Noel  and  K.P.Lu,  submitted).  Similarly, 
depletion  of  Pinl  in  Alzheimer’s  disease  brain  may 
also  contribute  to  neuronal  death  (Lu  et  al,  1999a). 
Furthermore,  depletion  of  Pinl  in  Xenopus  extracts 
induces  premature  mitotic  entry  and  disrupts  a  DNA 
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replication  checkpoint  (Winkler  el  alf  2000),  These  results 
together  suggest  that  the  level  and  function  of  Pinl  are 
pivotal  for  cell  proliferation.  However,  the  level  and  role 
of  Pinl  in  human  cancer  have  not  yet  been  described. 
Here  we  show  that  Pin  1  is  overexpressed  in  most  human 
breast  cancer  cell  lines  and  many  human  breast  cancer 
tissues.  Furthermore,  the  Pinl  levels  correlate  significantly 
with  the  grade  of  the  tumors,  according  to  Bloom 
and  Richardson’s  classification  system  (Bloom  and 
Richardson,  1957),  and  with  the  level  of  cyclin  D1  in  the 
tumors.  Moreover,  Pinl  increases  levels  of  cellular 
cyclin  D1  mRNA  and  protein,  and  activates  its  promoter 
through  the  AP-1  site.  Importantly,  Pinl  binds  to  phos- 
phorylated  c-Jun  and  increases  its  transcriptional  activity 
towards  the  cyclin  D1  promoter,  in  cooperation  either  with 
activated  INK  or  oncogenic  Ras,  The  effects  of  Pinl  on  the 
c-Jun  transcriptional  activity  depend  on  both  the  isomerase 
activity  of  Pinl  and  phosphorylation  of  c-Jun  on  Ser63^3, 
In  contrast,  inhibition  of  endogenous  Pinl  reduces  the 
transcriptional  activity  of  phosphorylated  c-Jun.  These 
results  demonstrate  that  Pinl  is  up-regulated  in  human 
tumor  samples  and  cooperates  with  Ras  signaling  in 
increasing  c-Jun  transcriptional  activity  towards  cyclin  Dl, 
Given  the  crucial  roles  of  the  activated  Ras  signaling  and 
cyclin  Dl  overexpression  in  the  development  of  cancer, 
our  results  suggest  that  overexpression  of  Pinl  may 
promote  tumor  growth. 

Results 

Pinl  is  overexpressed  in  human  breast  tumors  and 
its  levels  correlate  with  the  tumor  grade 

To  examine  the  role  of  Pinl  in  cancer,  we  examined  the 
expression  of  Pinl  in  normal  human  breast  tissues  and 
breast  tumors  by  immunohistochemistry  and  immunoblot- 
ting  with  affinity-purified  anti-Pin  1  antibodies,  as  de¬ 
scribed  earlier  (Lu  et  al ,  1999a),  Normal  breast  epithelial 
cells  showed  weak  but  detectable  Pinl  staining  primarily 
in  the  nucleus  (Figure  1A  and  B),  In  contrast,  carcinoma 
cells  were  strongly  positive  for  the  Pinl  staining 
(Figure  1C-E),  while  surrounding  normal  connective 
tissue,  blood  vessels,  adipose  and  stromal  cells  stained 
only  weakly  for  Pinl  (Figure  IE).  In  these  tumor  cells, 
Pinl  staining  was  detected  at  high  levels  in  the  cytoplasm, 
in  addition  to  intensive  staining  in  the  nucleus 
(Figure  1C— E),  To  ensure  that  these  signals  indeed 
represent  Pinl,  the  Pinl -specific  antibodies  were  depleted 
using  glutathione  5-transferase  (GST)-Pinl  beads  prior  to 
immunostaining.  Figure  IF  shows  that  the  Pinl -depleted 
antibodies  showed  no  immunoreaetivity,  confirming  the 
specificity  of  the  antibodies,  as  described  (Lu  et  al. , 
1999a),  Immunohistochemistry  in  other  cancer  types 
revealed  high  Pinl  levels  in  some  tumors,  including 
colon  cancer,  lymphomas,  melanoma,  prostate  and  brain 
tumors,  but  rarely  in  others,  such  as  sarcoma  (data  not 
shown).  Since  we  had  access  to  a  large  number  of  breast 
cancer  samples,  we  focused  this  study  on  breast  cancer. 
To  evaluate  Pinl  expression  in  breast  cancer 
quantitatively,  we  ground  fresh,  normal  or  tumor  breast 
tissues  in  liquid  nitrogen  and  subjected  the  lysates 
directly  to  immunoblotting  analysis  with  various  anti¬ 
bodies,  followed  by  semi-quantification  of  protein 
levels  using  Imagequant,  as  described  (Lu  et  al , 


1999a).  Pinl  was  generally  detected  as  a  doublet  in 
immunoblots,  especially  in  tumor  tissues  where  Pinl 
was  overexpressed.  Upon  dephosphorylation  with 
protein  phosphatases  PP2A  and  PP1,  or  calf  intestine 
phosphatase  (C3P),  the  intensity  of  the  upper  band 
decreased,  while  the  lower  one  increased  (Figure  2B). 
In  addition,  Pinl  displays  a  mitosis-  and  phosphoryl¬ 
ation-specific  mobility  shift  during  the  cell  cycle 
(P.J.Lu,  X.Z.Zhou,  Y.-C.Liou,  LP.Noel  and  K.P.Lu, 
submitted).  These  results  indicate  that  the  Pinl  doublet 
is  likely  to  be  due  to  the  electrophoretic  mobility 
difference  of  phosphorylated  and  dephosphorylated 
Pinl,  Interestingly,  the  upper  phosphorylated  band 
appeared  to  be  predominant  in  the  normal  tissues, 
whereas  the  lower  dephosphorylated  band  was  more 
abundant  in  the  cancerous  tissues  where  Pinl  was 
overexpressed  (Figure  2A),  suggesting  that  there  are 
more  mitotic  cells  and/or  the  kinase(s)  responsible  for 
the  Pinl  phosphorylation  might  be  limited  in  tumor 
cells. 

To  compare  the  levels  of  Pinl  in  different  human 
tissues,  we  used  actin  as  an  internal  control,  and  expressed 
the  Pinl  level  in  each  sample  as  a  Pinl: actin  ratio.  We 
defined  Pinl  overexpression  as  higher  than  the  mean  plus 
three  times  the  standard  deviation  (x  +  3  SD)  of  normal 
controls  (Figure  2C;  Table  I),  In  10  normal  and  51  primary 
human  breast  cancer  tissues  examined,  we  observed 
striking  differences  in  the  levels  of  Pinl  protein  expression 
(Figure  2A  and  C).  One  out  of  four  DCIS  tumors,  20  out  of 
28  (71.4%)  grade  II  tumors  and  17  out  of  19  (89,5%)  grade 
HE  tumors,  according  to  Bloom  and  Richardson’s  classi¬ 
fication  system,  overexpressed  Pinl  (Figure  2€).  Although 
we  observed  considerable  inter-individual  variations, 
especially  in  grade  II  and  III  tumors  (Figure  2C),  the 
mean  expression  level  of  Pinl  was  -10  times  higher  in 
cancer  samples  than  in  the  normal  controls  (Table  I). 
Furthermore,  Pinl  levels  positively  correlated  with  the 
Bloom  and  Richardson  grade  in  invasive  breast  cancer,  as 
analyzed  by  the  Kruskal-Wallis  test  (Glantz,  1997) 
(Figure  2B;  Table  H).  Similar  results  were  also  obtained 
using  a  monoclonal  antibody  against  Pinl  for  immunos¬ 
taining  and  immunoblotting  analyses  (data  not  shown). 
The  levels  of  Pinl  in  four  cell  lines  derived  from  human 
breast  cancers  were  considerably  higher  than  those  in 
either  normal  mammary  epithelial  cells  or  two  cell  lines 
established  from  normal  mammary  epithelial  cells 
(Figure  2D),  Together,  these  results  indicate  that  Pinl  is 
overexpressed  in  many  human  breast  cancer  tissues  and 
cell  lines,  and  its  levels  are  correlated  with  the  tumor 
grade. 

Up-reguiation  of  Pinl  correlates  with  cyclin  Dl 
levels  in  breast  tumor  tissues  and  elevates  cellular 
cyclin  Dl  expression  in  breast  cell  lines 

Amongst  other  breast  cancer  tumor  markers,  Pinl  levels 
did  not  appear  to  correlate  with  either  estrogen  receptor  or 
HER2/neu  expression,  but  did  correlate  significantly  with 
cyclin  Dl  overexpression  (Tables  I  and  II).  As  shown 
previously  (Bankova  et  al 1994;  Gillett  et  al.,  1994), 
cyclin  Dl  was  overexpressed  in  -50%  of  the  patient 
samples  (24  out  of  51  cases).  Importantly,  Pinl  was 
overexpressed  in  20  out  of  24  cyclin  D  1-overexpressing 
tumors,  and  Pinl  levels  in  cyclin  D  1-overexpressing 
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Fig,  2,  Pinl  overexpression  in  human  breast  cancer  cell  lines  and  patient  tissues,  and  its  correlation  with  the  Bloom  and  Richardson  grade  of  tumors, 
(A)  Comparison  of  Pinl  levels  and  known  breast  tumor  markers  in  normal  and  cancerous  human  breast  tissues.  Normal  breast  and  cancer  tissues 
were  pulverized  in  liquid  nitrogen,  and  equal  amounts  of  total  protein  were  separated  on  SDS-containing  gels  and  transferred  to  membranes.  The 
membranes  were  cut  into  five  pieces  and  subjected  to  immunoblotting  analysis  using  antibodies  to  Pinl,  cyclin  Dl,  HER2/neu,  phosphorylated 
Ser63/?3_c_jun  and  actin,  respectively.  The  estrogen  receptor  status  was  determined  by  radioimmunoassay  and  defined  as  positive  when  its  levels  were 
>10  fmol/1.  The  estrogen  receptor  status  in  normal  controls  was  not  determined  (N.D.).  Note  that  Pinl  was  detected  in  immunoblots  as  a  doublet  due 
to  phosphorylation.  (B)  Phosphatase  treatment  abolishes  the  double-band  pattern  of  Pin!  in  immunoblots.  Tumor  cell  lysates  were  treated  either  with  a 
mixture  of  PP1  and  PP2A  (PPases)  in  the  presence  (lane  1)  or  absence  (lane  2)  of  the  phosphatase  inhibitor  okadaic  acid  (Inh.),  or  CIP  (lane  3). 

(C)  Pinl  levels  in  10  normal  breast  tissues  and  different  stages  of  51  human  breast  cancer  samples.  Pinl  levels  were  determined  by  immunoblotting 
analysis,  as  in  (A),  and  semi-quantified  using  Imagequant  Actin  was  used  as  an  internal  control,  and  the  Pinl  level  in  each  sample  was  expressed  as 
the  Pml:acfin  ratio,  (B)  Comparison  of  Pinl  levels  in  mammary  epithelial  cell  lines.  The  same  amounts  of  total  lysates  prepared  from  normal  human 
mammary  epithelial  cell  lines  (Normal),  spontaneously  immortalized  normal  human  mammary  epithelial  cell  lines  (Immortalized)  and  human  breast 
carcinoma-derived  cell  lines  (Cancer)  were  subjected  to  immunoblotting  analysis  with  Pinl  or  actin  antibodies.  (E)  Correlation  of  Pinl  protein  levels 
with  cyclin  D1  mRNA.  RNA  was  isolated  from  six  normal  and  16  cancerous  tissues,  cDNA  synthesized  and  subjected  to  real-time  PCR  for  the 
quantitative  analysis  of  cyclin  D1  mRNA  expression.  The  Pearson  correlation  coefficient  was  0.47  (p  <0.05). 


tumors  were  on  average  about  twice  as  high  as  those  in 
cyclin  Dl-negative  tumors  (Figure  2A;  Table  II),  In  order 
to  establish  a  link  between  Pinl  overexpression  and 
cyclin  D1  transcription,  we  performed  quantitative 
real-time  PCR  to  detect  cyclin  D1  mRNA  expression  in 
6  out  of  the  10  normal  tissues  and  16  out  of  the  51  breast 
cancer  tissues,  from  which  we  were  able  to  isolate  total 
RNA,  Figure  2E  shows  relative  cyclin  D1  mRNA  levels  as 
a  function  of  Pinl  protein  levels.  While  a  few  patients  had 


high  Pinl  but  low  cyclin  D1  mRNA  levels,  all  but  one 
patient  with  high  cyclin  D1  mRNA  levels  also  displayed 
high  Pinl  levels,  which  is  consistent  with  the  results  on 
cyclin  D1  protein  levels  (Table  II).  Statistical  analysis 
revealed  that  there  was  again  a  positive  correlation 
between  Pinl  protein  levels  and  cyclin  D1  mRNA 
expression  (r  =  0.47,  p  <0,05). 

The  correlation  between  Pinl  and  cyclin  D1  expression 
suggested  that  overexpression  of  Pinl  might  increase  the 
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Table  I.  Clinical  and  pathological  characteristics  of  breast  tissues 

Normal 

Carcinoma 

Total 

In  situ 

Grade  2 

Grade  3 

Knl  positive 
x±  SD 

Cyclin  Dl 

HER2/neu 

Estrogen  receptor 

Age  median  (range) 

0/10“ 

0,114  ±  0.106 

0/10 

0/10 

N.D,b 

57  (22-91) 

38/51  (75%) 

1.072  ±  0.719 

24/51  (47%) 

8/51  (16%) 

34/50°  (68%) 

65  (28-90) 

1/4  (25%) 

0,564  ±  0.948 

2/4  (50%) 

0/4  (0%) 

3/4  (75%) 

72  (43-80) 

20/28  (71%) 

0,924  ±  0,609 

10/28  (36%) 

4/28  (14%) 

20/28  (71%) 

65  (31-90) 

17/19  (89%) 
1.399  ±  0,717 
12/19  (63%) 
4/19  (21%) 
11/18(61%) 

60  (28-78) 

Tumors  were  pathologically  classified  into  ductal  carcinoma  in  situ  (in  situ)  and  invasive  grade  2  and  3  carcinoma,  according  to  the  criteria  of  Bloom 
and  Richardson,  Levels  of  Pint  in  tissues  were  determined  by  immunoblotting  analysis  and  semi-quantified  using  Imagequant,  with  the  results  being 
expressed  as  Pinl/actin  ratio.  Pinl  was  defined  positive  when  the  Pinl/actin  ratio  was  higher  than  the  mean  plus  three  times  the  standard  deviation  " 
(x  ±  3  SD)  of  normal  controls,  Cyclin  Dl  and  HER2/neu  were  determined  by  immunoblotting  and  categorized  as  either  positive  or  negative  by  the 
presence  or  absence  of  the  respective  proteins.  Estrogen  receptor  was  defined  positive  when  its  levels  were  >10  fmol/1,  as  determined  by 
radioimmunoassay. 

“Number  of  cases  examined. 

bEstrogen  receptors  in  controls  not  determined, 

cEstrogen  receptor  determination  on  one  patient  not  available. 


Table  II.  Correlation  of  the  Pin!  level  with  clinical  and  pathological 
characteristics 


No,  of  cases 

Pinl  level  (x  ±  SD) 

P 

Normal 

10 

0.114  ±  0,106 

<0.0001b 

Tumor 

51 

1.072  ±  0,716 

Tumor  grade 

grade  2 

28 

0.924  ±  0,609 

0.02b 

grade  3 

19 

1,399  ±  0.717 

Cyclin  Dl“ 

positive 

24 

1,364  ±  0.715 

0.01b 

negative 

27 

0.824  ±  0,631 

HER2/neua 

positive 

8 

1.317  ±  0,732 

0,10 

negative 

43 

1.027  ±  0,713 

Estrogen  receptor* 

positive 

34 

1,011  ±  0.718 

0.32 

negative 

16 

1,238  ±  0,720 

The  significance  of  the  differences  in  Pinl  levels  between  various 
clinical  and  pathological  categories  was  analyzed  by  the 
Kraskal-Wailis  test. 

“Analyses  performed  only  on  tumors. 

bThe  differences  are  statistically  significant  when  p  <0.05  and  highly 
significant  when  p  <0,01. 


expression  of  endogenous  cyclin  Dl,  To  examine  this 
possibility,  we  transiently  transfected  a  Pinl  expression 
construct  into  two  breast  cancer-derived  cell  lines,  MCF7 
and  T47D  cells,  and  then  examined  the  effects  on 
endogenous  cyclin  Dl  levels.  Pinl  overexpression  led  to 
2-  to  3-fold  increases  in  cyclin  Dl  protein  levels  in  both 
cell  lines,  while  the  expression  of  aetin  remained  constant 
(Figure  3A),  To  examine  whether  the  depletion  of  Pinl 
affected  cyclin  Dl  expression,  we  used  MCF7  and  HeLa 
cells  because  their  Pinl  levels  can  be  increased  or 
decreased  by  expressing  a  sense  or  antisense  Pinl 
construct,  respectively  (Figure  3B),  as  described  previ¬ 
ously  (Lu  et  al,  1996).  Overexpression  of  Pinl  signifi¬ 
cantly  increased  the  levels  of  cyclin  Dl  protein  and  mRNA 
in  both  cells  (Figure  3B  and  C  and  data  not  shown).  In 
contrast,  depletion  of  Pinl  significantly  reduced  the  levels 
of  cyclin  Dl  protein  and  mRNA  in  MCF7  cells  (Figure  3B 
and  C).  Since  these  experiments  were  performed  between 


24  and  36  h  after  transfection,  and  since  manipulation  of 
Pinl  levels  affects  the  cell  cycle  only  after  48-72  h  post¬ 
transfection  (Lu  et  aL,  1996),  the  observed  effects  of  Pinl 
on  cyclin  Dl  are  unlikely  to  be  related  to  cell  cycle  arrest. 
These  results  indicate  that  high  levels  of  Pinl  correlate 
with  the  overexpression  of  cyclin  Dl  on  both  RNA  and 
protein  levels  in  human  breast  cancer  tissues,  and  that 
overexpression  of  Pinl  increases  cellular  cyclin  Dl 
mRNA  and  protein  levels  in  cell  lines. 

Pinl  activates  the  cyciin  Dl  promoter 

Although  cyclin  Dl  overexpression  is  found  in  -50%  of 
breast  cancer  patients  (Bartkova  et  oL ,  1994;  Gillett  et  aL , 
1994),  gene  amplification  accounts  for  only  10%  of  these 
cases  (Fantl  et  al. ,  1993).  Therefore,  other  mechanisms, 
such  as  up-regulation  of  gene  transcription,  must  play  a 
substantial  role  in  the  overexpression  of  cyclin  Dl.  To 
determine  whether  Pinl  regulates  the  transcription  of 
cyclin  Dl,  we  measured  the  effects  of  Pinl  on  the 
cyclin  Dl  promoter  using  cyclin  Dl-iuciferase  reporter 
constructs.  Two  cyclin  Dl-reporter  constructs  were  tested: 
one  (-1745CD1)  corresponds  to  the  original  fragment  of 
cyclin  Dl  5'  sequence  cloned  from  the  PRAD1  breakpoint 
(Motokura  and  Arnold,  1993),  and  the  other  (-964CD1)  is 
the  minimum  5/  sequence  that  retains  the  responsiveness 
to  activated  Ras  (Albanese  et  ah ,  1995).  Both  -1745CD1 
and  -964CD1  reporters  were  strongly  activated  in 
response  to  expression  of  Pinl  both  in  MCF7  and  HeLa 
cells  (Figure  3D  and  E).  These  results  indicate  that  Pinl 
activates  the  cyclin  Dl  promoter  and  that  the  -964CD1 
promoter  fragment  retains  the  complete  responsiveness  to 
Pinl. 

It  has  recently  been  shown  that  Pinl/Esslp  binds  the 
phosphorylated  C-terminal  domain  of  RNA  polymerase  II 
and  may  regulate  the  general  transcription  machinery  in 
yeast  (Wu  et  ah ,  2000).  To  determine  whether  activation 
of  the  cyclin  Dl  promoter  by  Pinl  is  due  to  its  effect  on  the 
general  transcription  machinery,  we  examined  the  effect  of 
Pinl  on  several  other  unrelated  promoters.  To  detect  the 
maximal  effect  of  Pinl  on  various  promoters,  we  used 
500  ng  of  Pinl  cDNA  per  transfection.  In  contrast,  out  of 
many  other  promoters  examined,  including  thymidine 
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kinase  (TK),  c-fms  (M-CSF  receptor)  and  MMTY  pro¬ 
moters,  Pinl  either  had  no  effect  or  had  minor  transacti¬ 
vating  effects  (Figure  3D  and  E),  indicating  that  activation 
of  the  general  transcription  machinery  by  Pinl  is  very  low, 
which  is  consistent  with  a  recent  report  (Chao  et  ah ,  2001). 
Therefore,  the  above  results  indicate  that  Pinl  specifically 
activates  the  cyclin  D1  promoter. 

To  further  confirm  the  specificity  of  the  Pinl  action  on 
the  cyclin  D1  promoter,  we  identified  the  element  in  the 
cyclin  D1  promoter  that  is  responsible  for  Pinl  activation. 


The  -964CD1  promoter  fragment  contains  binding  sites 
for  various  transcription  factors,  including  a  CREB  site, 
four  TCF  sites,  three  Ets  sites  and  one  AP-1  site  (Albanese 
et  aU  1995;  Tetsu  and  McCormick,  1999)  (Figure  3F).  To 
determine  which  promoter  is  necessary  for  Pinl  respon¬ 
siveness,  we  used  two  deletion  constructs  containing  either 
22  bp  (-22CD1)  or  163  bp  (-163CD1)  of  the  cyclin  D1 
promoter  as  reporters.  Low  concentrations  (50-200  ng)  of 
Pinl  did  not  have  any  significant  transactivating  effect 
either  on  the  -22CD1  or  the  -163CD1  reporter  (Figure  3F 
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and  G),  while  at  high  concentrations  (>200  ng  per 
transfection)  Pinl  could  also  transact! vate  the  -163CD1 
promoter  containing  the  TCP  sites  (Ryo  et  al,  2001),  At 
low  concentrations,  i.e.  =s=20G  ng,  Pinl  significantly 
transactivated  both  the  -1745CD1  and  -964CD1  pro¬ 
moters  (Figure  3F  and  G),  These  results  confirm  that  Pinl 
does  not  affect  the  cyclin  D1  promoter  activity  via  the 
general  transcriptional  machinery  but  through  specific 
sequences  such  as  the  AP-1  and/or  Ets  sites.  To  examine 
the  importance  of  the  AP-1  site,  we  used  a  mutant 
promoter,  -964CDlAP~lmt,  containing  only  two  base- 
pair  substitutions  at  the  consensus  AP-1  site,  as  described 
(Albanese  et  al,  1995).  Elimination  of  the  AP-1  site 
almost  completely  abolished  the  ability  of  Pinl  to  activate 
the  cyclin  D1  promoter  (Figure  3F  and  G),  These  results 
indicate  that  the  AP-1  site  is  essential  for  activation  of  the 
cyclin  D1  promoter  by  Pinl. 


Pinl  binds  c-Jun  phosphoryiated  on  Ser$3/73-Pro 
motifs 

The  AP-1  site  mutation  in  the  cyclin  D1  promoter  that 
disrupts  the  Pinl  transactivating  activity  also  abolishes 
cyclin  D1  expression  induced  by  the  activation  of  Ras  or 
c-Jun  (Albanese  et  al,  1995),  suggesting  that  Pinl  might 
affect  the  same  pathway  as  that  regulated  by  Ras  or  c-Jun. 
Activation  of  Ras  triggers  a  signaling  cascade,  leading  to 
activation  of  the  c-Jun  N-terminai  kinase  JNK,  which 
phosphorylates  c-Jun  on  Ser63/73-Pro  to  increase  its 
transcriptional  activity  towards  its  target  genes,  including 
cyclin  D1  (Binetruy  et  ah ,  1991;  Smeal  et  al ,  1991; 
Derijard  et  al ,  1994;  Hinds  et  al ,  1994;  Albanese  et  al, 
1995, 1999;  Fantl  et  al,  1995;  Sicinski  etal ,  1995;  Robles 
et  al .,  1998;  Bakiri  et  al,  2000).  In  fact,  Ras-mediated 
tumorigenesis  depends  on  signaling  pathways  with 
cyclin  D1  as  an  important  intermediary  protein  (Robles 
et  al,  1998).  Since  Pinl  binds  and  regulates  the  function  of 
a  defined  subset  of  proteins  phosphoryiated  on  certain  Ser/ 
Thr-Pro  motifs  (Shen  et  al,  1998;  Lu  et  al,  1999a),  it  is 
possible  that  Pinl  might  activate  the  cyclin  D1  promoter 
via  modulation  of  the  the  activity  of  phosphoryiated  c-Jun, 
A  well  established  and  successful  procedure  to  identify 
Pinl  substrates  has  been  the  use  of  GST-Pinl  pulldown 
experiments  to  determine  whether  Pinl  binds  to  c-Jun,  and 


whether  the  binding  depends  on  phosphorylation  of  c-Jun 
on  specific  Ser-Pro  motifs,  as  demonstrated  for  many  other 
Pinl  substrates  (Yaffe  et  al,  1997;  Crenshaw  et  al, 
1998;  Shen  et  al,  1998;  Lu  et  al,  1999b).  To  increase 
phosphorylation  of  c-Jun  on  Ser63773-Pro,  we  co-trans- 
fected  c-Jun  with  a  constitutively  activated  form  of  JNK 
(Derijard  et  al,  1994).  Alternatively,  we  co-transfected 
c-Jun  with  a  further  upstream  activator,  the  oncogenic 
Harvey-Ras  (Ha-Ras  or  RasL61),  which  activates  a  MAK 
kinase  pathway,  leading  to  activation  of  JNK  (Smeal  et  al, 
1991;  Derijard  et  al.,  1994).  To  reduce  phosphorylation  of 
c-Jun  on  Ser^Lpro,  we  co-transfected  c-Jun  with  the 
dominant-negative  Ras  (DN-Ras  or  RasN17)  (Smeal  et  al, 
1991;  Derijard  et  al,  1994).  As  expected,  phosphorylation 
of  c-Jun  on  Ser^LPro  was  increased  to  similar  extents  by 
either  activated  JNK  or  Ha-Ras,  but  significantly 
decreased  by  DN-Ras,  as  detected  by  antibodies  specif¬ 
ically  recognizing  phosphoryiated  Ser63773  in  c-Jun 
(Figure  4A  and  B).  Notably,  following  activation  of 
JNKs  by  UV  radiation  or  serum  stimulation,  c-Jun  has 
been  shown  to  be  phosphoryiated  on  several  Ser-Thr  sites, 
which  resulted  in  a  considerable  shift  in  electrophoretic 
mobility  of  the  protein,  migrating  as  multiple  bands  in 
SDS  gels  (Ui  et  al,  1998),  Furthermore,  mutation  of  c-Jun 
on  Ser63  and  Ser73  abolishes  the  mobility  shift  (Ui  et  al, 
1998).  We  observed  a  similar  mobility  shift  for  wild- type 
c-Jun,  but  not  c-JunS63/73A,  after  co-transfection  either  with 
Ha-Ras  or  activated  JNK  (Figure  4A-D).  Importantly, 
although  there  was  no  binding  between  GST  and  c-Jun, 
weak  binding  between  GST-Pinl  and  c-Jun  was  detec¬ 
ted  when  only  c-Jun  was  transfected  (Figure  4C). 
Furthermore,  the  binding  was  significantly  increased  by 
co-transfection  either  with  activated  JNK  or  oncogenic 
Ha-Ras,  but  not  with  DN-Ras  (Figure  4C),  Moreover, 
c-Jun  bound  by  Pinl  was  also  phosphoryiated  on 
Ser63f73„pro,  as  indicated  by  phosphoryiated  Sei*3/73-spe- 
cific  antibodies  (Figure  4D),  To  examine  further  the 
importance  of  phosphorylation  on  Ser63/73  for  Pinl  bind¬ 
ing,  we  used  a  c-Jun  mutant,  c-JunS63/73A,  which  contains 
double  Ala  substitutions  at  Ser63  and  Ser73  (Smeal  et  al ., 
1991).  In  contrast  to  wild-type  c-Jun,  the  mutant  protein 
did  not  display  a  significant  mobility  shift  and  was  not 
recognized  by  phosphoryiated  Ser63/73-specific  antibodies 
(Figure  4A  and  B),  as  shown  previously  (Ui  et  al,  1998). 


Fig.  3.  Pinl  elevates  cyclin  D1  protein  and  activates  the  cyclin  D1  promoter  via  the  AP-1  site,  (A)  Increase  in  cellular  cyclin  D1  protein  by  Pinl, 
MCF7  or  T47D  cells  were  transfected  with  Pinl  or  control  vector,  followed  by  immunoblotting  analysis  of  the  cell  lysates  with  antibodies  against 
Pinl  and  cyclin  Dl,  with  actin  as  a  control,  Cyclin  Dl  levels  were  semi-quantified  using  Imagequant  and  are  presented  below  the  image;  the  level 
in  the  vector  control  was  defined  as  1.  (B)  Manipulation  of  Pinl  levels  in  cells  causes  changes  in  cyclin  Dl  levels,  MCF7  cells  were  transiently 
transfected  with  the  control  vector  or  a  construct  expressing  HA-Pinl  or  antisense  Pinl  (PinlAS),  followed  by  immunoblotting  analysis  with  anti- 
eyclin  Dl,  -Pinl  or  -actin  antibodies,  (C)  Overexpression  and  depletion  of  Pinl  increase  and  decrease  levels  of  cyclin  Dl  mRNA.  MCF7  or  HeLa 
cells  were  transfected  with  constructs  encoding  for  Pinl  sense,  antisense  or  vector  control  as  indicated  in  the  figure.  After  24  h,  mRNA  was  isolated, 
cDNA  synthesized  and  subjected  to  real-time  PCR  to  obtain  relative  cyclin  Dl  mRNA  levels.  (D  and  E)  Activation  of  cyclin  Dl,  but  not  TK,  c-fms’or 
MMTV  promoter  by  Pinl.  MCF7  (D)  or  HeLa  (E)  cells  were  transiently  transfected  with  Pinl  or  the  vector  and  various  reporter  constructs,  followed 
by  assaying  the  luciferase  activity.  pRL-TK  Renilla  lueiferase  reporter  construct  was  co-transfected  in  each  sample  to  normalize  for  transfection 
efficiency.  The  activity  of  the  reporter  luciferase  was  expressed  relative  to  that  in  control  vector-transfected  cells,  which  is  defined  as  1.  All  results  are 
expressed  as*  ±  SD  of  independent  duplicate  cultures.  Note  that  to  detect  the  maximal  effect  of  Pinl  on  various  promoters,  we  used  0.5  gg  of  Pinl 
cDNA  per  transfection  in  this  experiment,  which  was  higher  than  in  other  experiments  described  here.  (F)  Schematic  representation  of  cyclin  Dl 
(CD1)  pA3LUC  basic  reporter  constructs  and  its  mutants.  Possible  transcription  factor-binding  sites  are  indicated.  -964CD1AP-Imt  was  same  as  the 
wild-type  -964CDlconstruct  except  for  two  base-pair  substitutions  at  the  consensus  AP-1  site.  (G)  Activation  of  the  cyclin  Dl  promoter  by  Pinl  via 
the  AP-1  site.  HeLa  cells  were  co-transfected  with  various  cyclin  Dl  reporter  constructs  as  indicated  in  (F)  and  Pinl  sense  or  antisense  (PinlAS) 
construct,  followed  by  assaying  the  luciferase  activity.  Note  that  for  this  experiment  200  ng  Pinl  sense  or  antisense  cDNA  were  used,  while  in 
subsequent  co-transfection  experiments  only  50  ng/assay  were  used. 
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Fig,  4.  Pinl  binds  to  e-Jun  phosphorylated  on  Sei^-Pro.  (A  and  B)  Modulation  of  c-Jun  phosphorylation  by  Ras  or  JNK,  HeLa  cells  were  co¬ 
transfected  with  c-Jun  or  c-Jun^‘^3A  and  Ha-Ras,  DN-Rss,  activated  JNK  or  control  vector.  Cells  were  harvested  and  cellular  proteins  were  subjected 
to  imimmoblotting  analysis  with  antibodies  against  c-Jun  (A)  or  phosphorylated  Ser^-c-Jun  (B),  (C  and  D)  Interaction  between  Pinl  and  c-Jun 
phosphorylated  on  Ser^-Pro.  The  same  cellular  proteins  as  those  described  in  (A)  were  incubated  with  GST-agarose  beads  that  had  been  pre¬ 
incubated  with  either  GST  alone  or  GST-Pinl,  Proteins  associated  with  the  beads  were  subjected  to  immunoblotting  analysis  with  antibodies  against 
c-Jun  (C)  or  phosphorylated  Ser^^-c-Jun  (D).  Note  that  GST-Pinl  was  non-specifieally  recognized  by  monoclonal  antibodies,  as  shown  previously 
(Yaffe  et  al ,  1997;  Lu  et  al,  1999b),  (E  and  F)  No  interaction  between  Pinl  and  c-JunS63mA.  The  same  cellular  proteins  as  those  described  in  the  (A) 
were  incubated  with  GST-agarose  beads  containing  GST  or  GST-Pinl,  and  bound  proteins  were  subjected  to  immunoblotting  analysis  with  antibodies 
against  c-Jun  (E)  or  phosphorylated  Ser^^-c-Jun  (F).  (G  and  H)  Co-immunoprecipitation  of  transfected  (G)  or  endogenous  (H)  c-Jun  with 
endogenous  Pinl.  HeLa  cells  were  co-transfected  with  c-Jun  and  Ha-Ras  or  JNK,  c-Jun  was  immunoprecipitated  from  transfected  HeLa  cells  (G)  or 
non-transfected  breast  cancer  cell  lines  (H)  with  polyclonal  c-Jun  antibodies  or  non-related  antibodies  (Control),  and  then  subjected  to  immunoblotting 
using  monoclonal  anti-e-Jun  antibodies  (upper  panel)  or  anti-Pinl  antibodies  (lower  panel). 


Importantly,  little,  if  any,  mutant  protein  was  precipitated 
by  Pinl  (Figure  4E  and  F).  These  results  indicate  that 
phosphorylation  of  c-Jun  on  Ser63/73-Pro  is  important  for 
the  Pinl  binding.  Thus,  Pinl  binds  to  c-Jun  via  phos¬ 
phorylated  Ser63;73-Pro  motifs. 

To  confirm  these  GST-Pinl  protein  pulldown  results, 
we  performed  co-immunoprecipitation  experiments  be¬ 
tween  endogenous  Pinl  and  transfected  c-Jun  in  the 
presence  or  absence  of  activated  JNK  or  Ha-Ras,  as  well  as 
eo-immunoprecipitations  between  endogenous  Pinl  and 
c-Jun  in  breast  cancer  cell  lines  expressing  high  levels  of 


both  proteins.  Endogenous  Pinl  was  detected  in  anti-e-Jun 
immunoprecipitates  from  transfected  (Figure  4G)  and  non- 
transfected  cells  (Figure  4H).  Furthermore,  more  Pinl  was 
co-immunoprecipitated  by  anti-c-Jun  antibodies  if  c-Jun 
was  co-transfected  with  activated  JNK  or  Ha-Ras 
(Figure  4G),  These  results  indicate  that  Pinl  binds  c-Jun 
in  vivo  in  breast  cancer  cell  lines,  and  that  the  binding  is 
increased  when  c-Jun  is  phosphorylated  on  Ser63/73- 
Pro  motifs  by  activated  JNK  or  Ha-Ras,  These  results 
demonstrate  that  Pinl  binds  phosphorylated  c-Jun  both 
in  vitro  and  in  vivo , 
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Rg.  5*  Pml  cooperates  either  with  Ha-Ras  or  activated  JNK  in  enhancing  the  activity  of  e-Jun  to  activate  the  cyclin  D1  promoter.  HeLa  cells  (A,  B 
and  E)  or  MCF7  (C,  D  and  F)  were  co-transfected  with  vector,  e-Jun,  or  e-Jun  with  or  without  Ha-Ras  (A  and  C)  or  activated  JNK  (B  and  D)  and 
then  subjected  to  the  luciferase  assay  with  the  -964  cyclin  D1  Luc  promoter  construct  as  reporter  gene.  In  the  same  system,  a  reporter  gene  construct 
with  an  AP-1  site  mutant  fails  to  respond  to  Pinl  in  combination  with  c-Jun,  JNK  or  Ha-Ras  (E  and  F). 


Pinl  cooperates  with  either  oncogenic  Ha-Ras  or 
activated  JNK  to  increase  transcriptional  activity 
of  c-Jun  towards  the  cyclin  D1  promoter 

Given  that  Pinl  binds  phosphorylated  c-Jun,  we  asked 
whether  Pinl  also  modulates  the  activity  of  c-Jun.  To 
address  this  question,  we  examined  the  effect  of  Pinl  on 
the  transcriptional  activity  of  c-Jun  towards  the  cyclin  D1 
promoter  in  the  presence  or  absence  of  Ha-Ras  or  activated 
JNK.  When  Pinl  cDNA  was  co-transfected  with  c-Jun, 
Pinl  cooperated  moderately  with  c-Jun  in  activating  the 
cyclin  D1  promoter  in  both  MCF7  and  HeLa  cells 


(Figure  5).  The  activity  of  the  cyclin  D1  promoter  in 
cells  co-transfected  with  Pinl  and  c-Jun  was  3-  to  5-fold 
higher  than  that  in  cells  transfected  with  either  Pinl  or 
c-Jun  alone  (Figure  5A-D).  The  most  dramatic  potentia¬ 
tion  of  cyclin  D1  reporter  gene  activity  was  observed  when 
c-Jun  was  activated  by  JNK  or  Ha-Ras  in  the  presence  of 
Pinl;  cyclin  D1  promoter  activity  was  increased  up  to 
150-fold,  or  higher,  in  both  cell  lines  (Figure  5A-D).  The 
combination  of  JNK,  Ras,  c-Jun  and  Pinl  resulted  in  a 
further  small  increase  in  transactivation  (Figure  5E  and  F, 
last  bars),  consistent  with  the  idea  that  Ras  and  JNK  act  on 
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Fig.  6.  The  effects  on  the  transcriptional  activity  of  c-lun  depend  on  the  phosphopiotein-binding  and  PPIase  activity  of  Pinl  as  well  as 
phosphorylation  of  c-Jun  on  Ser63^3,  (A)  Abolishing  the  Pinl  effect  by  inactivating  its  PPIase  activity.  HeLa  cells  were  co-transfected  with  vectors 
c-Jun*  or  c-Jun  +  Ha-Ras,  and  Pinl  or  its  PPIase-negative  mutant  PinlR68-69A5  and  then  subjected  to  luciferase  assay.  PinlR68-69A  fails  to  isomerize  * 
phosphorylated  Ser/Thr-Pro  bonds  (Yaffe  et  at,  1997).  (B)  Abolishing  the  Pinl  effect  by  inactivating  its  phosphoprotein-binding  activity.  HeLa  cells 
were  co-transfected  with  vectors,  c-Jun,  or  c-Jun  +  Ha-Ras  and  green  fluorescent  protein  (GFP)-Pinl  or  its  WW  domain  point  mutants,  and  then 
subjected  to  luciferase  assay.  GFP-PinlW34A  and  GFP-Pinlsl6E  did  not  bind  phosphoproteins,  as  shown  (Lu  et  aLt  1999b).  Note  that  GFP  fusion 
proteins  were  used  because  the  WW  domain  Pinl  mutants  were  not  stable  in  cells,  but  they  were  stable  as  GFP  fusion  proteins,  although  expressed  at 
reduced  levels  (data  not  shown).  Although  the  absolute  maximal  luciferase  activity  was  not  as  high  as  in  other  experiments,  which  is  likely  to  be  due 
to  lower  levels  of  GFP  fusion  proteins  being  expressed,  the  overall  trends  were  the  same.  (C)  Inhibiting  the  ability  of  Pinl  to  increase  the  c-Jun 
activity  by  DN-Ras.  Cells  were  co-transfected  with  c-Jun  or  c-Jun  +  Pinl,  and  increasing  amounts  of  DN-Ras,  and  then  subjected  to  the  luciferase 
assay.  (B  and  E)  Abolishing  the  cooperative  effect  between  Pinl  and  Ha-Ras  or  activated  JNK  by  mutating  c-Jun  phosphorylation  sites  Sei63™  HeLa 
cells  were  co-transfected  with  various  amounts  of  Pinl,  c-Jun  or  c-Jun863^  construct,  and  Ha-Ras  (D)  or  activated  JNK  (E)  and  then  subjected  to  the 
luciferase  assay.  J 


the  same  target  c-Jun,  However,  when  the  AP-1  site  type  promoter  was  observed  (Figure  5E  and  F),  indicating 
mutant  cyclin  D1  promoter  was  used  in  the  same  assay,  that  transactivation  of  the  cyciin  D1  promoter  by  c-Jun, 

only  <10%  of  the  transactivation  measured  for  the  wild-  activated  by  Pinl,  JNK  or  Ras,  is  dependent  on  the  intact 
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AP- 1-binding  site.  These  results  indicate  that  Pinl 
cooperates  either  with  activated  JNK  or  oncogenic  Ras 
to  dramatically  activate  the  cyclin  D1  promoter.  These 
cooperative  effects  are  expected  because  Pinl  can  regulate 
the  transcriptional  activity  of  c-Jun  only  after  it  has  been 
phosphorylated  by  them. 

To  examine  whether  endogenous  Pinl  is  important  for 
Ha-Ras  to  increase  the  transcriptional  activity  of  c-Jun,  we 
used  PinlAS  to  reduce  cellular  Pinl  levels  (Figure  3B), 
When  c-Jun  and  Ha-Ras  were  eo-transfected  with  different 
concentrations  of  the  PinlAS  construct,  the  transcriptional 
activity  of  c-Jun  decreased  significantly  in  a  concentra¬ 
tion-dependent  manner  (Figure  5A),  indicating  that 
inhibiting  endogenous  Pinl  decreases  the  ability  of 
phosphorylated  c-Jun  to  activate  the  cyclin  D1  promoter. 
These  results  indicate  that  Pinl  cooperates  with  Ha-Ras  or 
activated  JNK  to  increase  the  activity  of  c-Jun  toward  the 
cyclin  D1  promoter, 

Pinl  contains  a  WW  domain  and  a  PPIase  domain, 
which  bind  and  isomerize  specific  pSer/Thr-Pro  motifs, 
respectively,  and  both  these  activities  are  normally 
required  for  Pinl  to  modulate  the  function  of  its 
phosphoprotein  substrates,  such  as  Cdc25C  and  tau 
(Ranganathan  et  ah ,  1997;  Yaffe  et  ah,  1997;  Shen  et  ah, 
1998;  Lu  et  ah ,  1999a,b).  To  examine  whether  only  one,  or 
both,  of  these  activities  is  required  for  Pinl  to  modulate  the 
activity  of  c-Jun  we  used  Pinl  mutants,  PinlR6S’69A, 
PinlW34A  and  Pinlsl6E,  which  contain  mutations  at  the 
key  residues  either  in  the  PPIase  domain  (R68,  R69)  or  the 
WW  domain  (W34  or  SI 6),  and  fail  to  isomerize  pSer / 
Thr-Pro  bonds  or  to  bind  phosphoproteins  (including 
c-Jun;  data  not  shown),  respectively  (Shen  et  ah,  1998;  Lu 
et  ah,  1999b;  Zhou  et  ah ,  2000).  In  contrast  to  wild-type 
protein,  these  Pinl  mutants  neither  increased  the  tran¬ 
scriptional  activity  of  c-Jun  towards  the  cyclin  D1  pro¬ 
moter  nor  cooperated  with  Ha-Ras  to  activate  c-Jun 
(Figure  6A  and  B).  Neither  did  the  mutants  affect  the 
levels  of  c-Jun  phosphorylation  (data  not  shown).  These 
results  indicate  that  both  phosphoprotein-binding  and 
phosphorylation-specific  isomerase  activities  of  Pinl  am 
required  for  its  ability  to  modulate  the  activity  of  c-Jun. 

The  above  results  suggest  that  Pinl  may  increase  the 
activity  of  c-Jun  by  binding  and  isomerizing  its  pSer/ 
Thr-Pro  motifs,  as  it  does  to  Cdc25C  and  tau  (Shen  et  ah , 
1998;  Lu  et  ah ,  1999a;  Zhou  et  ah ,  2000).  In  this  case, 
down-regulation  of  the  Ras-dependent  phosphorylation  of 
c-Jun  should  reduce  the  effect  of  Pinl  on  c-Jun,  and 
mutations  of  the  c-Jun  phosphorylation  sites  that  Pinl 
binds  to  should  abolish  the  Pinl  effect.  To  examine  the 
first  assumption,  we  co-transfected  cells  with  Pinl,  c-Jun 
and  DN-Ras  to  examine  the  effect  of  DN-Ras  on  the  ability 
of  Pinl  to  activate  the  cyclin  D1  promoter.  DN-Ras 
reduced  both  phosphorylation  of  c-Jun  on  Ser63773  and  the 
ability  of  Pinl  to  bind  c-Jun  (Figure  4A-D),  Indeed, 
DN-Ras  not  only  inhibited  the  ability  of  c-Jun  to  activate 
the  cyclin  D1  promoter,  as  shown  previously  (Albanese 
et  ah ,  1995),  but  also  inhibited  the  ability  of  Pinl  to 
enhance  the  activity  of  c-Jun  5-  to  7-fold  (Figure  6C), 
These  results  suggest  that  the  Ras-dependent  phosphoryl¬ 
ation  of  c-Jun  is  important  for  the  Pinl  function  on  c-Jun. 
To  examine  the  second  assumption,  we  used  the  mutant 
c-JunS63/73A,  which  failed  to  bind  Pinl  (Figure  4E  and  F). 
Pinl  almost  completely  failed  to  cooperate  either  with 


activated  JNK  or  oncogenic  Ha-Ras  to  increase  the  ability 
of  e-JunS63/73A  to  induce  the  cyclin  D1  promoter  (Figure  6D 
and  E),  indicating  that  phosphorylation  of  c-Jun  on  Ser63/73 
is  essential  for  Pinl  to  induce  the  cyclin  D1  promoter. 
These  results  indicate  that  phosphorylation  of  c-Jun  on 
Ser63773,  induced  by  the  Ras-dependent  signaling  pathway, 
is  essential  for  Pinl  to  increase  transcription  of  the 
cyclin  D1  promoter.  Thus,  Pinl  binds  phosphorylated 
c-Jun  and  potentiates  its  transcriptional  activity  towards 
cyclin  D1  in  response  to  activation  of  Ras  or  JNK. 

Discussion 

Previous  studies  have  demonstrated  that  depletion  of  Pinl 
induces  apoptosis  and  is  also  observed  in  neuronal  cell 
death  in  Alzheimer’s  disease  (Lu  et  ah ,  1996,  1999a),  We 
show  here  the  striking  overexpression  of  Pinl  in  a  large 
fraction  of  breast  cancers.  Furthermore,  Pinl  levels 
correlate  significantly  with  the  grade  of  the  breast  tumors 
according,  to  Bloom  and  Richardson’s  classification 
system,  although  the  relationship  between  Pinl  levels 
and  the  prognosis  of  cancer  patients  remains  to  be 
determined.  Consistent  with  our  findings  is  the  observation 
that  Pinl  is  one  of  the  genes  that  are  most  drastically 
suppressed  by  up-regulation  of  Brcal,  as  detected  in 
cDNA  array  screening  and  northern  analysis  (MacLachlan 
et  ah,  2000).  In  addition,  the  level  of  Pinl  in  breast  cancer 
cell  lines  is  much  higher  than  that  in  either  normal  or  non- 
transformed  mammary  epithelial  cells.  Although  further 
studies  are  needed  to  elucidate  the  mechanisms  leading  to 
overexpression  of  Pinl,  these  results  demonstrate  for  the 
first  time  that  Pinl  is  up-regulated  markedly  in  many 
human  tumor  samples. 

The  significance  of  Pinl  overexpression  in  cancer  is 
further  substantiated  by  our  findings  that  Pinl  cooperates 
with  activated  JNK  or  Ha-Ras  in  increasing  the  transcrip¬ 
tional  activity  of  phosphorylated  c-Jun  to  activate  the 
cyclin  D1  promoter.  Overexpression  of  cyclin  D1  is  found 
in  50%  of  patients  with  breast  cancer  (Bartkova  et  ah , 
1994;  Gillett  et  ah ,  1994),  Furthermore,  overexpression  of 
cyclin  D1  contributes  to  cell  transformation  (Hinds  et  ah , 
1994),  whereas  inhibition  of  cyclin  D1  expression  by 
antisense  expression  causes  growth  arrest  of  tumor  cells 
(Sehrump  et  ah ,  1996;  Arber  et  ah ,  1997;  Driscoll  et  ah, 
1997;  Kornmann  et  ah,  1998).  Disruption  of  the  cyclin  D1 
gene  in  mice  blocks  the  proliferation  of  breast  epithelial 
cells  and  reduces  tumor  development  in  response  to 
Ha-Ras  (Fantl  et  ah,  1995;  Sicinski  et  ah,  1995;  Robles 
et  ah,  1998),  These  results  indicate  that  cyclin  D1  plays  an 
important  role  during  oncogenesis,  especially  during  Ras- 
mediated  tumorigenesis  (Rodriguez-Puebla  et  ah,  1999). 
Oncogenic  Ras  induces  the  cyclin  D1  promoter  via  its 
AP-1  site  (Albanese  et  ah,  1995).  Although  the  AP-1 
complex  is  composed  of  the  c-Jun  and  c-Fos  proteins, 
c-Jun  is  the  most  potent  transactivator  in  the  complex 
(Angel  et  ah,  1989;  Chiu  et  ah,  1989;  Abate  et  ah,  1991) 
and  is  elevated  in  Ha-Ras-transformed  cells,  in  which 
c-Fos  is  down-regulated  (Thomson  et  ah,  1990;  Binetruy 
et  ah,  1991).  In  addition  to  the  regulation  of  protein  levels, 
the  activity  of  c-Jun  is  enhanced  by  phosphorylation 
induced  by  growth  factors,  oncogenic  proteins,  or  stress 
conditions.  Although  different  pathways  may  be  involved, 
they  eventually  lead  to  activation  of  JNKs,  which 
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Fig,  7,  Role  of  Pinl  In  regulating  the  transcriptional  activity  of  phosphorylated  c-Jun  towards  the  cyclin  D1  promoter.  Oncogenic  Ha-Ras  activates 
JNKs,  which  phosphorylate  c-Jun  on  two  critical  amino  terminal  Ser-Pro  motifs,  enhancing  its  transcriptional  activity.  Pinl  is  up-regulated  in  breast 
cancer  and  functions  as  a  potent  regulator  of  phosphorylated  c-Jun  to  induce  cyclin  D1  expression,  presumably  by  altering  the  conformation  of  the 
phosphorylated  Ser-Pro  motifs  (insert).  Double  arrows,  up-regulation;  the  asterisk  indicated  the  activated  form  of  proteins. 


phosphorylate  c-Jun  on  two  critical  N-terminal  Ser-Pro 
motifs  (S63/73-P)  and  enhance  its  transcriptional  activity 
(Blnelruy  et  al,  1991;  Smeal  et  al ,  1991;  Hunter  and 
Karin,  1992;  Derijard  et  al ,  1994;  Hinds  et  al ,  1994; 
Albanese  et  al ,  1995,  1999;  Fantl  et  al ,  1995;  Sicinski 
et  al ,  1995;  Whitmarsh  and  Davis,  1996;  Karin  et  al , 
1997;  Robles  et  al,  199S;  Bakiri  et  al,  2000),  Thus, 
phosphorylation  of  c-Jun  on  Ser63/73-Pro  is  a  key  regula¬ 
tory  mechanism  that  converts  inputs  from  various  signal¬ 
ing  pathways  into  changes  in  gene  expression.  However,  it 
has  not  been  described  previously  whether  the  activity  of 
phosphorylated  c-Jun  is  further  regulated  after  phosphoryl¬ 
ation. 

We  have  found  that  Pinl  not  only  binds  phosphorylated 
c-Jun,  but  also  dramatically  increases  its  ability  to  activate 
the  cyclin  D1  promoter  in  cooperation  either  with 
activated  JNK  or  oncogenic  Ha-Ras.  In  contrast,  inhibition 
of  endogenous  Pinl  reduces  the  transcriptional  activity  of 
phosphorylated  c-Jun,  indicating  that  endogenous  Pinl  is 
also  required  for  the  optimal  activation  of  c-Jun,  The 
significance  of  this  Pin  1-dependent  regulation  is  further 
substantiated  by  our  findings  that  up-regulation  of  Pinl  not 
only  correlates  with  cyclin  D1  overexpression  in  breast 
cancer  tissues,  but  also  induces  cyclin  D1  expression  in 
breast  cancer  cell  lines.  Thus,  Pinl  is  a  potent  modulator  of 
phosphorylated  c-Jun  in  inducing  cyclin  D1  expression, 
presumably  by  regulating  the  conformation  of  the  phos¬ 
phorylated  Ser-Pro  motifs  in  c-Jun  (Figure  7),  The 
importance  of  Pinl  in  the  regulation  of  cyclin  D1  expres¬ 
sion  has  been  further  supported  by  our  recent  identification 
of  cyclin  D1  as  one  of  the  Pinl-induced  genes  in  breast 
cancer  cells  in  the  differential  display  screen  (Ryo  et  al, 
2001),  and  by  our  phenotypic  analysis  of  Pinl -deficient 


mice  (Y.-C.Liou,  A.Ryo,  H.K.Huang,  PJ.Lu,  F.Fujimori, 
T.Uchida,  R.Bronson,  T.Hunter  and  K.P.Lu,  submitted). 
Although  Pinl-7-  mice  have  previously  been  shown  to 
develop  normally  (Fujimori  et  al,  1999),  we  have 
uncovered  that  they  display  a  range  of  cell  proliferative 
abnormalities,  including  decreased  body  size,  retinal 
degeneration  and  neurological  abnormalities.  Moreover, 
in  Pinl-deficient  adult  females,  the  breast  epithelial 
compartment  failed  to  undergo  the  massive  proliferative 
changes  caused  by  pregnancy  (Y.-C,Liou,  A.Ryo, 
H,K,Huang,  PJ.Lu,  F.Fujimori,  T.Uchida,  R.Bronson, 
T.Hunter  and  K.P.Lu,  submitted).  Significantly,  many 
features  of  these  Pinl-deficient  mice,  such  as  retinal 
degeneration  and  mammary  gland  impairment,  are  also 
characteristic  of  cyclin  D  1-deficient  mice  (Fantl  et  al, 
1995;  Sicinski  et  al,  1995).  Moreover,  cyclin  D1  levels 
were  significantly  reduced  in  Pinl-deficient  retina  and 
breast  epithelial  cells  from  pregnant  mice  (Liou  et  al., 
submitted).  These  results  provide  the  genetic  evidence  for 
an  essential  role  of  Pinl  in  maintaining  cell  proliferation 
and  cyclin  D1  expression,  and  further  support  a  role  of 
Pinl  in  oncogenesis.  Abnormal  activation  of  the  Ras- 
dependent  signaling  pathway  and  cyclin  D1  overexpres¬ 
sion  are  a  common  and  critical  mechanism  during  the 
development  of  many  malignancies,  such  as  breast,  skin 
and  colon  cancer  (Fantl  et  al,  1995;  Sicinski  et  al,  1995; 
Robles  et  al,  1998;  Rodriguez-Puebla  et  al,  1999). 
Indeed,  Pinl  is  significantly  overexpressed  in  many  of 
these  human  tumors  (G.M.Wulf  and  K.P.Lu,  unpublished 
data),  suggesting  that  it  plays  a  positive  role  for  cell 
proliferation  during  oncogenesis  (Figure  7), 

In  summary,  our  results  show  that  Pinl  is  strikingly 
overexpressed  in  human  breast  cancer  tissues,  and 
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cooperates  with  activated  Ras  signaling  in  increasing 
c-Jun  transcriptional  activity  towards  the  cyclin  D1 
gene.  Given  the  well  established  role  of  activated  Ras 
signaling  and  cyclin  D1  overexpression  during  onco¬ 
genesis,  our  study  suggests  that  overexpression  of  Pinl 
may  promote  tumor  growth.  In  addition,  since  inhib¬ 
ition  of  the  Pinl  enzymatic  activity  triggers  tumor  cells 
to  enter  apoptosis,  overexpressed  Pinl  may  act  as  a 
novel  anti-cancer  target. 


Materials  and  methods 

Analysis  of  protein  and  mRNA  fevels  in  patient  samples 

Fifty-one  cancerous  and  10  normal  breast  tissue  specimens  were 
randomly  selected.  The  malignancy  of  infiltrating  carcinomas  was  scored 
according  to  Bloom  and  Richardson’s  classification  system  (Bloom  and 
Richardson,  1957),  Tissue  from  the  core  of  the  tumor  was  snap  frozen  In 
liquid  nitrogen  and  pulverized  using  a  Microdismembrator  (Braun), 
About  10  gg  of  the  pulverized  tissues  were  resuspended  in  100  pi  of  SDS 
sample  buffer,  Immunoblotting  with  anti-Pinl,  anti-cyclin  Dl,  anti-Her2/ 
neu  and  anti-actin  antibodies  was  performed  as  described  (Shen  et  al,, 
1998;  Lu  et  at.,  1999a),  as  was  immunohistochemistry  using  antl-Pinl 
polyclonal  or  monoclonal  antibodies  (Lu  et  at.,  1999a).  Levels  of  Pinl 
and  actin  were  semi-quantified  using  Imagequant,  as  described  (Lu  et  at,, 
1999a).  mRNA  was  isolated  using  the  Trizol  reagent  (Gibco)  and  cDNA 
was  synthesized  using  Superscript  (Gibco).  Twenty-five  nanograms  of 
cDNA  were  used  per  real-time  PCR  run  with  primers  specific  for 
cyclin  Dl,  and  GAPDH  as  an  internal  control.  All  real-time  PCR  runs 
were  performed  in  duplicate  and  analyzed  according  to  the  manufactur¬ 
er’s  instructions  (Applied  Biosystems),  The  significance  of  the  differ¬ 
ences  in  Pinl  levels  between  clinical  and  pathological  categories  was 
analyzed  using  the  Kruskal-Wallis  test  (Glantz,  1997).  The  Pearson 
correlation  coefficients  were  obtained  using  the  SAS  software  (Release 
6,12;  SAS  Institute  Inc,,  Cary,  NC). 

Determination  of  Pint  levels  and  the  effects  of  Pint  on 
cyclin  Dl  expression  in  cell  lines 

The  levels  of  Pinl  in  normal  (76N),  spontaneously  Immortalized  but  not 
transformed  (184B5  and  MCF10),  and  transformed  (MCF7,  T47D, 
MDAMB435  and  HCC1937)  mammary  epithelial  cell  lines  were 
determined  by  subjecting  total  cellular  proteins  to  immunoblotting 
analysis  with  anti-Pinl  polyclonal  antibodies.  To  examine  the  nature  of 
the  double  band,  a  tumor  lysate  was  incubated  at  30°C  for  60  min  in  the 
presence  of  100  nM  okadaic  acid  (Sigma),  PP1  and  PP2A  (Upstate 
Biotechnology)  or  CIP.  To  examine  the  effects  of  Pinl  on  cyclin  Dl 
expression,  Pinl  cDNA  was  subcloned  into  pcDNA3  vector  (Invitrogen) 
and  transfected  into  MCF7,  T47D  or  HeLa  cells  for  36  h,  followed  by 
determining  the  level  of  Pin  1  and  cyclin  Dl  by  immunoblotting  analysis 
with  anti-Pinl  and  anti-cyclin  Dl  antibodies,  respectively,  as  described 
(Lu  et  ah ,  1996;  Shen  et  al,  1998),  and  cyclin  Dl  mRNA  by  real-time 
PCR,  as  described  above. 

Determination  of  the  Pin  1 -c-Jun  interaction 

To  examine  the  interaction  between  Pinl  and  phosphorylated  c-Jun,  HeLa 
cells  were  co-transfected  with  c-Jun  or  c-JunS63/?3A  and  the  oncogenic 
Ha-Ras,  consititutively  active  JNK,  DN-Ras  or  the  control  vector  for  24  h. 
The  cells  were  lysed  in  a  lysis  buffer  containing  1%  Triton  X-1Q0,  and  the 
supernatants  incubated  with  10  pi  of  agarose  beads  containing  various 
GST-Pinl  proteins  or  control  GST  for  2  h  at  4°C.  The  precipitated 
proteins  were  washed  five  times  in  the  buffer  containing  1%  Triton  X-1QG 
before  being  subjected  to  immunoblotting  analysis  using  antibodies 
against  c-Jun  or  c-Jun  phosphorylated  on  Set63'73  (New  England  Biolabs), 
as  described  (Yaffe  etal,  1997;  Shen  etal,  1998;  Lu  etal,  1999a,b).  For 
eo-immunopreeipitation,  we  used  anti-c-Jun  polyclonal  antibodies  (Santa 
Cruz)  and  unrelated  polyclonal  antibodies  (Pericentrin  antibodies)  as  a 
control.  The  pro-cleared  lysates  were  incubated  for  2  h  with  the  respective 
antibodies,  and  the  immune  complexes  were  collected  with  protein  A 
beads  (Sigma)  and  subjected  to  immunoblotting  with  anti-Pinl  or  anti- 
c-Jun  antibodies.  The  ability  of  the  Pinl  WW  domain  and  PPIase  domain 
mutants  to  bind  phosphoproteins  (MPM-2  or  c-Jun)  and  to  isomerize 
pSer/Thr-Pro  bonds  were  determined,  as  described  (Yaffe  et  al,  1997; 
Lu  et  al,  1999a,b), 


Promoter  reporter  assays 

Various  cyclin  Dl-Iueiferase  reporter  constructs,  c-Jun  and  Ras 
constructs  were  gifts  from  R.Pestell  (Albert  Einstein  College  of 
Medicine),  M. Karin  (University  of  California  at  San  Diego)  and  L.Feig 
(Tufts  University),  respectively,  and  have  been  confirmed  by  DNA 
sequencing,  Luciferase  reporter  constructs  for  TK,  c-ftns  and  MMTV 
were  purchased.  Superfeet  (Qiagen)  was  used  for  transfections.  Reporter 
gene  assays  were  performed  with  the  Dual-luciferase  reporter  assay 
system  (Promega)  at  24-36  h  after  transfection.  One  nanogram  of 
pRL-TK  (Promega)  Renilla  luciferase  was  co-transfected  in  each  sample 
as  an  internal  control  for  transfection  efficiency.  Expression  of  all 
transfected  genes  was  confirmed  by  immunoblotting  analysis  with  the 
respective  antibodies.  The  amounts  of  DNA  used  in  transfection  were 
carefully  titrated  for  each  construct;  typically,  only  ~5G  ng  of  each  DNA 
were  used,  with  exceptions  indicated  in  the  text.  The  activity  of  the 
reporter  luciferase  was  expressed  relative  to  the  activity  in  control  vector- 
transfected  cells,  which  was  defined  as  1.  Similar  results  were  obtained  in 
at  least  three  different  experiments.  All  results  are  expressed  as  x  ±  SD 
of  independent  duplicate  cultures.  Since  Pin  1AS  induces  mitotic  arrest  and 
apoptosis  at  48-72  h  after  transfection  (Lu  et  al,  1996),  all  experiments 
with  PinlAS  were  performed  before  36  h,  when  no  significant  apoptotie 
cells  were  observed,  as  described  previously  (Lu  et  al ,  1996), 
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Pinl  regulates  turnover  and 
subcellular  localization  of  p-catenin 
by  inhibiting  its  interaction  with  APC 
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Phosphorylation  on  a  serine  or  threonine  residue  preceding  proline  (Ser/Thr-Pro)  Is  a  key  regulatory  mechanism, 
and  the  conformation  of  herein  phosphory fated  Ser/Thr-Pro  bonds  is  regulated  specifically  by  the  prolyl  isomerase 
Pinl.  Whereas  the  inhibition  of  Pinl  induces  apoptosis,  Pinl  is  strikingly  overexpressed  in  a  subset  of  human 
tumours.  Here  we  show  that  Pinl  regulates  p-catenin  turnover  and  subcellular  localization  by  interfering  with  its 
interaction  with  adenomatous  polyposis  coli  protein  (APC).  A  differential-display  screen  reveals  that  Pinl  increases 
the  transcription  of  several  p-catenin  target  genes,  including  those  encoding  cyciin  D1  and  c-Myc.  Manipulation  of 
Pinl  levels  affects  the  stability  of  p-catenin  In  vitro.  Furthermore,  p-catenin  levels  are  decreased  in  Pinl-defieient 
mice  but  are  increased  and  correlated  with  Pinl  overexpression  in  human  breast  cancer.  Pinl  directly  binds  a  phos- 
phorylated  Ser-Pro  motif  next  to  the  APC-binding  site  in  p-catenin,  inhibits  its  Interaction  wrth  APC  and  increases  its 
translocation  into  the  nucleus.  Thus,  Pinl  is  a  novel  regulator  of  p-catenin  signalling  and  its  overexpression  might 
contribute  to  the  upregulation  of  p-catenin  in  tumours  such  as  breast  cancer.  In  which  APC  or  6-eatenin  mutations 
are  not  common. 


Upregulation  of  the  oncogenic  transcriptional  activator 
p-catenin  has  a  pivotal  role  in  the  development  of  Cancer1'3. 
One  of  the  key  p-catenin  regulators  is  adenomatous  polypo¬ 
sis  coli  protein  (APC),  which  is  encoded  by  foe  tumour-suppressor 
gene  that  is  mutated  in  familial  adenomatous  polyposis  coli4-9.  The 
tumour-suppressing  activity  of  APC  largely  involves  controlling 
the  nuclear  accumulation  of  the  oncogenic  transcriptional  activa¬ 
tor  p-catenin-1"10.  The  stable  overexpression  of  p-catenin  caused  by 
mutations  in  APC  or  p-catenin  leads  to  an  accumulation  of  p- 
catenin  in  the  nucleus,  where  it  induces  a  set  of  genes  critical  for 
die  development  of  cell  transformation  and  cancer,  including 
those  encidong  cyciin  Dl,  c-Myc,  fibronectin  and  peroxisome-pro - 
liferator-activated  receptor-8  (PFAR-8)11-14.  There  are  two  major 
mechanisms  by  which  APC  modulates  the  concentration  of  P- 
catenin  in  the  nucleus.  First,  APC  binds  and  assembles  p-catenin 
into  a  multiple  protein  complex,  including  glycogen  synthase 
kinase-3p  (GSK-3p)  and  trigger  the  degradation  of  p-catenin17*1*. 
However,  the  activation  of  Wnt  signalling  inhibits  the  phosphory¬ 
lation  of  p-catenin  by  GSK-3p,  resulting  in  the  stabilization  of  p- 
catenin  in  the  cytoplasm  and  nucleus1"34749.  Second,  APC  binds  the 
nuclear  P-catenin  and  exports  it  to  the  cytoplasm  for  degrada¬ 
tion2^22.  Thus,  a  crucial  step  in  the  APC-mediated  regulation  of  p- 
catenin  is  foe  interaction  between  them.  Indeed,  this  interaction  is 
often  disrupted  in  many  mutations  of  APC  in  cancer5*4.  Therefore, 
disruption  of  foe  interaction  between  APC  and  p-catenin  has  a 
pivotal  role  in  oncogenesis.  However,  it  is  not  known  whether  this 
interaction  can  be  regulated. 

Although  genetic  mutations  of  APC  or  P-catenin  are  often 
found  in  some  tumours,  such  as  colon  cancer1"3,  they  are  rarely 
observed  in  others  such  as  breast  cancer23-25.  However,  compelling 
evidence  has  indicated  a  crucial  rote  for  signalling  by  p-catenin  in 
foe  tumorigenesis  of  breast  cancer25"26.  Furthermore,  p-catenin 
levels  are  significantly  upregulated  and  are  correlated  with  poor 
prognosis,  acting  as  a  strong  and  independent  prognostic  factor  in 


Figure  1  Activation  off  gores  downs iream  of  those  encoding  fJ-catenln/TCF 
by  overexpression  of  Phi.  a.  Representative  results  of  the  differential  display 
screen,  Pinl  was  induced  in  the  breasfccancer  celt  line  MCF-7  with  the  Tet-Off  gene 
expression  system  (CJorttech),  MCF-7  cells  were  cultured  in  the  presence  (Tet+)  or 
absence  CTet— )  of  tetracycSne  for  24  h  and  the  isolated  RNA  was  subjected  to  a  cfif* 
ferential  display  screen.  The  results  obtained  from  the  two  respective  combinations 
of  extended  primers  are  shown;  the  bands  were  excised  for  further  analysis  are 
marked  with  arrowheads:  A  upregulated  CD97;  Bt  upregulated  PPAR-5;  C,  a  down- 
regulated  unknown  gene.  bf  c,  Total  RNA  and  cell  lysates  were  prepared  from  the 
same  cells  as  descried  in  *  and  subjected  to  northern  blotting  (b)  or  immunobtot- 
ting  analysis  fc). 
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Figure  2  Phi  tra«**ctivate*  genes  downstream  of  those  •ncodng 
frcmin/TCF  through  TCP  sites.  mt  HeU  eels  were  transfected  with  afferent  con¬ 
centrations  of  Pinl  and  various  reporter  constructs  as  indcated,  fdfcwed  by  an  assay 
of  the  lucfterase  activity.  pflL-TK  Penia  htiferase  reporter  construct  was  cotransfect¬ 
ed  in  each  sample  to  normafae  for  transfection  efficiency.  The  activity  of  the  reporter 
hciterase  was  expressed  relative  to  the  activity  in  eontrolvector*trans#ected  cels, 
which  is  defined  as  1.0.  -22C01,  the  cyeBn  01  mWmai  promoter  re^on  from -22  to 
+14;  -163CD1,  the  cycln  D1  mirimal  promoter  region  from  -163  to  +14  containing 
three  TCP-binding  sites;  pTQPFLASH,  three  copies  erf  the  optimal  TCP  motif 


CCTTTGATC;  pFOPFLASH,  three  copies  of  die  mutant  motif  CCTTTGGCC.  Expression 
of  endogenous  Pinl  and  exogenous  haemaggkrtinin  (HAHabeled  Rnl  was  detected  by  _ 
western  Wot  anafysiswih  a  monoclonal  antibody  against  Phi;  this  is  shown  at  the  top 
of  the  panels, «  e>^rh^  were  repeated  in  triplicate  and  are  expressed  as  means 
±  $,d  b,  HeLa  cels  were  cotransfected  with  Rnl ,  its  Wkfcmah  mutant  (W34A)  or  its 
PPlasedoman  mutants  *634^968,6945,  and-163C01  or  pTOPFLASH  briferase 
reporter  construct,  folowed  by  the  iuerferase  assay,  c,  HeLa  cels  were  cotransfected 
with  Phi,  -163C01  or  pTOPFLASH  ludferase  reporter  construct  and  increasing  con¬ 
centrations  of  domhartnegative  TCP4  (DN-TCF4),  fdewed  by  the  ludferase  assay. 


Upregutarted  genes 

Symbol  evulhate  synthase 

CD97 _ 

&P/GPP1S _ 

PPAR-delta* 

SHY  tsex-determinatiem  Y) 
•box  22  (S0X22) _ 

FNhducfcle  ?2-pn*em 
;Stress4nducible 
phosphoproteh  1  (ST1MP1) 
Phosphoendynwate 
carboxykinase  1  (PCK1) 
fibronecth* 


Downreguteted  genes 

Serme/threonine  proteh  kinase  gsk 

a-2-actinh _ 

Tu  transiation-etongation  factor  fp435 
Platelet-activating  factor 

acetyhydrolase  Ib-y _ 

Eukaryotic  translatiomnrtiation  factor 
4E  binefing  proteh  1 _ 


Cyclh  PI* _ 

*pc*tenin/Tc«afget  genes 


human  breast- cancer  patients24.  Additional  mechanisms  can 
therefore  be  used  to  upregulate  p-catenin  levels  in  breast  cancer.  We 


have  recently  shown  that  Pinl  is  strikingly  overexpressed  in  human 
breast  cancer  and  some  other  tumours27.  Furthermore*  Pinl  levels 
are  correlated  with  the  tumour  grade  and  with  cyclin  D1  levels  in 
breast-cancer  tissues27.  These  results  indicate  that  Pinl  might  have 
a  role  in  oncogenesis. 

Pinl  is  a  peptidyl-proiyl  ds-trans  isomerase  (PPIase)  that  iso¬ 
mer  izes  only  phospboryiated  Ser/Thr-Pro  (pSer/Thr-Pro)  peptide 
bonds28"31.  Pinl-catalysed  isomerization  regulates  the  conforma¬ 
tion  of  a  subset  of  phosphoprotelns  such  as  Cdc25C  and  the 
microtubule-assodated  protein  tau*  thereby  affecting  their  activity 
and/or  protein-protein  interactions30*35.  Interestingly,  the  deple¬ 
tion  of  Pinl  in  tumour  cells  induces  apoptosis28*36  and  also  con¬ 
tributes  to  neuronal  death  in  Alzheimer’s  disease34.  Conversely, 
Pinl  is  overexpressed  in  many  human  tumours  such  as  breast  and 
prostate  cancen  and  increases  the  transcriptional  activity  of  c-Jun  , 
towards  foe  cydin  D1  promoter27.  These  results  indicate  that  Pinl  | 
overexpression  might  promote  tumour  cell  growth  by  altering 
gene  expression. 

To  test  this  hypothesis,  we  here  used  a  differential  display  screen 
and  found  that  Pinl  traqsactivated  several  P-catenin  target 
Furthermore,  Pinl  increased  foe  stability  of  P-catenin  in  cells, 
which  is  substantiated  by  foe  findings  that  p-catenin  was  increased 
and  correlated  with  Pinl  in  breast  cancer  tissues,  but  drastically 
decreased  in  Pinl-deficient  mouse  tissues.  Moreover,  Pinl  stabi¬ 
lized  and  subsequently  increased  foe  nuclear  fraction  of  p-catenin 
by  preventing  its  interaction  with  APC.  These  findings  uncover  a 
novel  mechanism  for  regulating  signalling  by  p-catenin  and  sup¬ 
port  a  role  for  Pinl  in  tumorigenesis. 
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Figure  4  p-Catenki  levels  am  decreased  In  Pinl-rieficier*  mice  Nit 
.  Increased  in  breast-cancer  samples  overexpressing  Pinl.  a.  Different  issues 
.  ..  .  .#*  of  widtype  (+/+)  or  Pinl  knockout  mice  (-/-)  were  homogenized  a>d  then  subject* 
ed  to  tmmunobiotting  analysis  with  antip-catenin,  anti-Pinl  or  antkthixrfin  antibod¬ 
ies.  b,  Normal  breast  and  breast-cancer  tissues  were  homogenized  and  subjected 
to  immunoblotting  analysis  with  antip-catenin,  antifinl  or  anti-a-tubtin  antibodes. 
Normal  1-4,  nonneopfastic  breast:  cancer  I  and  2,  Bloom  and  Rfcfwdson  grade 
111;  cancer  3-5;  grade  1.  c,  The  correlation  between  Pinl  and  pcatain  protein  lev¬ 
els  in  maignant  and  normal  breast  tissues.  Immunoblot  analysis  was  performed  on 
45  breast-cancer  and  6  normal  tissue  samples,  as  in  b.  The  densities  of  bands 
were  quantified  by  NIH  Image,  normalized  with  psctin  and  plotted.  The  correlation 
was  tested  by  a  linear  regression  analysis  (r4  =  0.65,  P  <  0.01}. 


Figure  3  Pinl  stabilize*  cellular  p-catenln.  a,  HeLa  cels  were  transfected  with 
0,5  Mg  of  a  sense  (Pinl)  or  antisense  Pinl  (Pinl**}  expression  construct  or  control 
vector  and  harvested  48  h  alter  transfection,  folowed  by  immunoblotting  analysis 
with  anti-pcatenin,  anti-Pinl  or  anti-p-actin  arrtfcodes.  Numbers  above  the  gel 
image  indcate  the  fold  election  of  endogenous  pcatenki  normalized  with  pectin, 
b,  Total  RNA  was  extracted  from  the  same  cels  as  those  in  a  and  subjected  to 
northern  Wot  analysis.  GAPDH  (gtyceraldehyde-3phosphate  dehydrogenase)  was 
used  as  a  lo acting  control,  c,  d,  Subconfluent  cells  were  transfected  with  a  sense 
IRnl)  or  antisense  Pinl  (Pinl*)  expression  construct  or  control  vector.  After  24  h, 
cWls  were  pulse-labelled  with  [*S]methionine  for  1  h  and  chased  for  the  durations 
'mcScated  (c).  Labelled  pcatenin  was  detected  by  immunoprecipitation  wife  antip* 
catenin,  followed  by  SOS-FAGE  and  autoradiography.  The  radoactivity  of  immuno- 
precipitated  pcatenin  was  quantified  with  a  Phosphorimager  and  normalized  to  the 
0  h  point  (d).  Results  shewn  are  means  ±  s.d.  for  three  independent  experiments. 


Results 

Bull  enhances  the  egression  of  genes  downstream  of  those 
encoding  ^-catenin/T-cell  factor  (TCF),  To  examine  the  role  of 
Pinl  overexpression  in  human  breast  cancer,  we  used  a  newly 
developed  differential  display  method37,3*  to  identify  genes  and  sig¬ 
nalling  pathways  regulated  by  Pinl.  By  comparing  gene  expression 
patterns  of  about  10,000  complementary  DNA  fragments  between 
Pin  1  -overexpressing  breast-cancer  MCF-7  cells  and  control  MCF-7 
cells  (see  Fig.  la),  we  selected  and  sequenced  48  cDNA  fragments 
that  were  obviously  expressed  differentially  between  Pinl -induced 
and  non-induced  conditions.  From  these  48  clones  we  reproducibly 
*  identified  17  known  genes  whose  expression  was  upregulated  or 
downregulated  by  the  overexpression  of  Pinl  (Table  1), 
Interestingly,  a  database  search  revealed  that  four  of  the  twelve 
upregulated  genes  identified  were  downstream  of  those  encoding 
v  P-catenin /TCF,  which  included  those  for  cyclin  Dl,  c-Myc,  PPAR-I 


and  fibronectm13"16.  To  confirm  that  these  genes  are  indeed  induced 
by  Pinl,  we  isolated  messenger  RNAs  and  subjected  them  to  north¬ 
ern  blotting  analysis.  Figure  lb  shows  that  mRNA  levels  of  these 
genes  were  indeed  higher  in  cells  expressing  Pinl  than  those  in  con¬ 
trol  cells.  Furthermore,  immunoblotting  analysis  with  cell  lysates 
from  the  same  cells  also  showed  an  enhanced  expression  of  c-Myc 
and  cydin  Dl  proteins  (Fig.  1c).  These  results  indicate  that  Pinl 
can  affect  the  gene  expression  pattern  by  activating  the 
p-catenin/TCF  signalling  pathway. 

To  confirm  that  Pinl  activates  the  P-catenin/TCF  signalling 
pathway,  we  used  two  sets  of  reporter  constructs  in  a  g- 
catenin/TCF  reporter  gene  assay,  as  described  previously7,15. 
Although  Pinl  cDNA  had  no  significant  effect  on  the  -163CD1 
promoter  at  low  concentrations,  as  shown  previously27,  Pinl 
increased  the  activity  of  both  the  -163CDI  and  pTOPELASH  pro¬ 
moters  in  a  dose-dependent  manner  (Fig.  2a).  In  contrast,  Pinl  had 
no  significant  effect  on  the  control  promoter,  that  is,  on  either  the 
-22CD1  promoter  or  the  pFOPFLASH  promoter  (Fig,  2a). 
Furthermore,  the  depletion  of  endogenous  Pinl  by  the  expression 
of  an  antis ease  Pinl  construct  inhibited  the  ability  of  (3-catenin  to 
activate  the  —  163CD1  or  pTOPFLASH  promoter  (Fig,  2a),  These 
results  demonstrate  that  Pinl  increases  die  activity  of  both  the 
cydin  Dl  and  pTOPFLASH  promoters. 

Both  the  binding  and  isomerizing  activities  of  Pinl  are  normal¬ 
ly  required  for  Pinl  to  regulate  the  function  of  its  substrates29,3032'34. 
To  examine  whether  any  one  or  both  of  these  activities  are  required 
for  Pinl  to  modulate  the  activity  of  the  -163CD1  or  pTOPFLASH 
promoter,  we  used  Pinl  mutants  PinlW34A,  which  fells  to  bind  to 
phosphoprotein,  and  Pinl^A  and  Pinl86*-69*,  which  fail  to  bind 
phosphoproteins  or  Isomerize  pSer/Thr-Pro  bonds31"33.  As  shown 
in  Fig.  2b,  in  contrast  to  wild-type  Pinl,  neither  the  WW- domain 
mutant  (PinlW34A)  nor  the  PPIase  mutants  (Pinl*63*  and  Pinl868,69*) 
increased  the  activity  of  the  -163CD1  or  pTOPFLASH  promoter. 
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Figure  7  Ptnl  indue**  rmiclw  translocation  of  p-catenin.  a,  b,  HeLa  cells 
were  transfected  for  24  h  with  the  construct  expressing  GFP,  GFP-Pinl,  its  WW 
domain  mutant  (Pinl***)  or  its  PPlase  domain  mutant  CPinl«*i  Cels  were  fixed 
and  stained  with  anti^catenm  antibodies  and  DAP!  to  detect  endogenous  ^catenin 
and  DNA,  respectively  (a),  Localzation  and  expression  of  ^catenin  were  scored  in 
100  transfected  celts  (b),  e,  d,  HeLa  cels  were  transfected  for  24  h  with  Pml 
expresskm  construct  or  the  control  vector,  Celts  were  fractionated  «  hypotonic 
buffer  into  the  nuclear  and  cytoplasmic  fractions.  Mowed  by  hmjnoblotbng  anafy- 


sis  with  and^catenin,  antHamin  8  or  ant^actin  antibody,  Lamin  B  and  ^aedn  were 
used  as  nuclear  and  cytoplasmic  markers,  respectively  (c).  Relative  amounts  of 
nudear  and  cytoplasmic  W3  freatenin  were  semkjuantified  with  ImageQuant  and 
normalized  with  Imran  B  or  p-acdn  (d).  a,  f,  HeLa  cels  me  transfected  with 
SFP-vector  mid  RFR^tenbWT,  GFP-Pinl  and  RFP+eatenm  or  and 

RFP-£catenirvS246A  for  24  h.  Cells  were  fixed  and  stained  with  DOT  and  analysed 
under  a  fluorescence  microscope  M.  Ucafeadon  of  ^catenin  was  scored  in  100 
transfected  cells  (f). 


of  Pinl  knockout  mice  and  in  human  breast-cancer  samples.  Pinl 
knockout  mice  have  been  generated  previously  and  shown  to  devel¬ 
op  normally59.  As  expected,  Pinl  was  not  detected  in  Pinl  knock¬ 
out  mouse  tissues  (Fig.  4a).  Importantly,  amounts  of  p-catenin 
protein  were  decreased  significantly  in  all  tissues  examined  horn 
Pinl  knockout  mice,  in  comparison  with  those  from  wild-type 
pice  (Pig.  4a),  indicating  that  the  P-catenin  level  is  dovmregulated 
in  Pinl  knockout  mice.  This  is  consistent  with  our  new  findings 
that  mice  lacking  Pinl  demonstrate  phenotypes  remarkably  similar 
to  those  in  cyclin  D1  knockout  mice  (Y.-C.L,  A.R.,  H.  K.  Huang, 
P.  J.  Lu,  H  Bronson,  E  Fujimori,  T,  Uchida,  T.  Hunter  and  K.P.L., 
unpublished  results). 

We  have  recently  shown  that  Pinl  is  overexpressed  in  human 
breast-cancer  tissues  and  its  expression  level  is  correlated  with 
tumour  grade  and  cyclin  D1  levels27.  To  examine  whether  Pinl 
overexpression  is  correlated  with  P-catenin  levels  in  breast-tumour 


tissues,  we  determined  levels  of  Pinl  and  P-catenin  in  breast-cance] 
tissues.  Figure  4b  shows  that  both  P-catenin  and  Pinl  were  high!) 
overexpressed  in  breast-cancer  tissues  in  comparison  with  normal 
L  tissues.  We  performed  die  same  immunoblot  analysis  and  quanti¬ 
fied  the  expression  level  of  both  Pinl  and  P-catenin  in  45  breast- 
cancer  and  6  normal  breast  tissues.  Regression  analysis  revealed  dial 
the  levels  of  P-catenin  were  significantly  correlated  with  those  ol 
Pinl  in  these  tissues  (ri  =  0.69,  P<  0.01)  (Fig.  4c).  These  result 
demonstrate  a  dose  relationship  between  Pinl  and  P-catenin  level; 
under  both  physiological  and  pathological  conditions. 

Pinl  binds  p-catenin  phosphoryiated  on  the  Ser  246-Pro  motif  Tc 
explore  the  molecular  mechanism  by  which  Pinl  stabilizes  P- 
catenin,  we  investigated  whether  P-catenin  is  a  Pinl  substrate 
because  P-catenin  contains  three  potential  Ser-Pro  motifs.  Tc 
examine  the  interaction  between  Pinl  and  P-catenin  in  vim  we 
used  glutathione  5- transferase  (GST)-Pinl  pulldown  experiments* 
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Figure  8  Correlation  between  Pinl  overexpression  end  ^cetenin  toceizedon 
In  human  breast-cancer  tissues.  Breast-cancef  tissJes  «?re'stafn«tl  wftfran&£- 
catenin  or  anfrPkil  antfcody  ami  revealed  by  staining  with  daminobenzene.  Left 
panels,  a  representative  higfvRnl  staining  with  an  accumulation  of  pcatenin  h  the 
cytoplasm  and  nucleus:  right  panels,  a  representative  lowPinl  staining  with  a  local¬ 
ization  of  ^catenin  at  the  membrane. 


as  described  previously5*33.  As  shown  in  Fig.  5a,  GST-Finl,  but  not 
control  GST,  specifically  precipitated  P-catenin  from  both  inter¬ 
phase  and  mitotic  HeLa  cell  extracts,  indicating  that  Pinl  binds  cel¬ 
lular  p-catenin  independently  of  the  cell  cycle.  Next,  we  examined 
whether  Pinl  forms  stable  complexes  with  p-catenin  in  cells.  When 
cells  that  expressed  haemagglutinin-labelled  Pinl  were  subjected  to 
co-immunoprecipitation  experiments,  Pinl  was  detected  in  anti-p- 
catenin  immunoprecipitates  (Fig.  6a),  demonstrating  the  interac¬ 
tion  of  these  two  proteins  in  vivo.  These  results  demonstrate  that 
Pinl  binds  P-catenin  both  in  vitro  and  in  vivo. 

We  next  examined  whether  the  interaction  between  Pin  1  and  p- 
catenin  depends  on  the  phosphorylation  of  P-catenin  at  a  specific 
Ser/Thr-Pro  motif.  Because  the  Irinase(s)  upstream  of  p-catenin 
remain  to  be  determined,  we  produced  S5S-labdled  P-catenin  by 
transcription  and  translation  in  vitro*  then  phosphorated  it  with 
Xenopus  extracts,  which  have  been  shown  to  contain  many  protein 
kinases40.  Pinl  bound  3SS- p-catenin  only  after  it  had  been  phos- 
phoryiated  by  interphase  or  mitotic  extracts  from  Xenopus  (Fig.  5b, 
and  data  not  shown).  Furthermore,  pretreatment  of  phosphorylat- 
ed  P-catenin  with  calf  intestinal  alkaline  phosphatase  (CIP)  com¬ 
pletely  abolished  the  ability  of  Pinl  to  bind  P-catenin  (Fig.  5b),  as 
demonstrated  previously  for  the  Pinl~Cdc25  or  Pinl-tau  interac¬ 
tion3*34.  These  results  demonstrate  that  the  Pinl  binding  depends 
on  the  phosphorylation  of  p-catenin. 

^  P-Catenln  contains  only  three  Ser-Pro  motifs  (Fig.  5c).  To  deter¬ 
mine  the  Pinl -binding  site  in  P-catenin,  we  constructed  and 
expressed  three  different  P-catenin  fragments,  each  containing  one 
^Ser-Pro  motif  (Fig.  5c).  When  these  fragments  were  synthesized  in 
vitro  and  phosphorylated  by  Xenopus  extracts,  followed  by  a  GST 
pulldown  assay,  only  the  MT2  fragment  (residues  233-423),  not  the 
MTi  or  the  MT3  fragment,  bound  Pinl  (Fig.  5d).  Interestingly,  the 
MT2  fragment  contained  the  Ser  246-Pro  motif,  which  is  sur¬ 
rounded  by  hydrophobic  residues  similarly  to  the  optimal  binding 
motif  selected  by  Pinl,  as  determined  by  screening-orientated 
degenerate  peptide  libraries30.  To  confirm  the  Pinl  binding  site  we 
mutated  Ser  246  of  p-catenin  to  alanine  (S246A)  and  performed  a 
GST  pulldown  assay  after  incubation  with  Xenopus  extracts.  As 
expected,  in  contrast  to  wild- type  P-catenin,  the  S246A  P-catenin 
mutant  did  not  bind  Pinl  protein  (Fig.  5e),  These  results  indicate 
that  the  Pinl-binding  site  is  the  phosphorylated  Ser  246-Pro  in  the 
middle  of  the  Armadillo  repeats  in  p-catenin. 


Pinl  blocks  the  interaction  between  p-catenin  and  APC,  The  Pinl- 
binding  site  (Ser  246-Pro)  in  P-catenin  is  very  dose  to  the  APC 
binding  site,  on  the  basis  of  the  crystal  structure  of  P-catenin41’42, 
indicating  that  Pinl  might  affect  the  Interaction  of  P-catenin  with 
APC.  To  examine  this  possibility,  cells  were  transfected  with  Pinl  or 
control  vectors  and  then  subjected  to  immunop redpitation  with 
antibodies  against  APC  or  P-catenin.  As  shown  previously7"9,  p- 
catenin  was  detected  in  anti-APC  immunoprecipitates  and  APC 
was  detected  in  anti- p-catenin  immunoprecipitates  in  control-vec¬ 
tor-transfected  cells,  confirming  the  interaction  in  vivo  between 
these  two  proteins  (Fig;  6).~However,  in  cells  overexpressing  Pinl,  ^ 
significantly  less  APC  was  detected  in  anti- p-catenin  immunopre¬ 
cipitates  (Fig.  6a).  Similarly,  much  less  P-catenin  was  immunopre- 
cipitated  by  anti-APC  antibodies  (Fig.  6b).  Furthermore,  these  dif¬ 
ferences  were*  highlyspedfic  because  the  overexpressioiT  of'  Pinl-  * 
had  no  detectable  effect  on  thtbindlng  of  p-catenin  to  GSK-3P  or  _ 
of  APC  to  the  APC-bindirig  protein  EB1  (Fig.  6a,  b).  These  results 
demonstrate  that  Pinl  specifically  inhibits  the  interaction  between 
p-catenin  and  APC. 

Pinl  alters  the  subcellular  localization  of  P-catenin.  Reant  studies  ™ 
have  shown  that  APC  is  important  in  controlling  the  localization  of 
P-catenin  by  exporting  it  from  the  nucleus  to  the  cytoplasm23*2*43.  If 
Pinl  inhibits  the  binding  of  P-catenin  to  APC,  Pinl  might  affect  the 
subcdlular  localization  of  p-catenin.  We  therefore  investigated  the 
subcellular  localization  of  p-catenin.  As  shown  previously20,44^, 
P-catenin  was  observed  along  the  inner  portion  of  the  cell  membrane 
in  the  cells  transfected  with  green  fluorescent  protein  (GFP)  vector 
(Fig.  7a).  However,  in  GFP-Pinl-transfected  cells,  p-catenin  was 
detected  mainly  in  the  nucleus  and  the  peri-nudear  portion  (Fig,  7a, 
b).  In  contrast,  the  subcellular  localization  of  P-catenin  was  unaffect¬ 
ed  by  the  Pinl  mutants  containing  a  mutation  either  in  the  WW  -  * 
domain  (PinlWMA)  or  in  the  PPIase  domain  (Pinl*634)  (1%  7a,  b). 
These  results  indicate  that  both  the  binding  and  isomerization  activi¬ 
ties  of  Pinl  are  required  to  increase  the  nuclear  fraction  of  p-catenin. 

To  confirm  this  Pinl -induced  accumulation  of  nudear 
P-catenin,  we  fractionated  cells  into  cytoplasmic  and  nudear  frac¬ 
tions  and  subjected  them  to  immunoblotting  with  anti- P-catenin 
antibodies.  In  comparison  with  vector-transfected  cells,  the  con¬ 
centration  of  P-catenin  was  slightly  decreased  in  the  cytoplasmic 
fraction  but  significantly  increased  in  the  nudear  fraction  in  Pinl¬ 
overexpressing  cells  (Fig,  7c).  Semi- quantification  revealed  that  the 
nudear/cytoplasmic  ratio  of  p-catenin  was  increased  almost  three¬ 
fold  in  cells  overexpressing  Pinl  (Fig.  7d).  Thus,  both  an  immunocy- 
tochemistry  analysis  and  a  cell  fractionation  experiment  confirmed 
that  Pinl  facilitates  die  nudear  localization  of  P-catenin,  which  is 
consistent  with  its  abilities  to  disrupt  the  interaction  between 
p-catenin  and  APC  and  to  induce  target  genes  downstream  of  that 
encoding  p-catenin. 

To  determine  whether  the  mutation  of  Ser  246  affects  the  abili¬ 
ty  of  Pinl  to  affect  the  subcdlular  localization  of  P-catenin,  we  co¬ 
transfected  HeLa  cells  with  Pinl  and  wild-type  or  S246A  mutant 
p-catenin,  and  then  examined  the  subcellular  localization  of  p- 
catenin.  Because  the  overexpression  of  exogenous  p-catenin  caus¬ 
es  its  spontaneous  nudear  translocation  and  cell  death46"48,  we 
transfected  cells  with  a  small  amount  of  red-fluorescent-protein 
(RFP)-conjugated  p-catenin  DNA.  Under  these  conditions, 
RFP-p-catenin  displayed  a  dotted-type  aggregation  in  cytoplasm 
(Fig.  7e),  as  reported  previously46.  Importantly,  P-catenin  was  sta¬ 
bilized  and  accumulated  in  the  nucleus  when  co-transfected  with 
GFF-Pinl,but  not  control  GFP  (FigJe,  f).  In  contrast,  Pinl  had  no 
effect  on  the  localization  of  the  S246A  mutant  p-catenin  (FigJe,  f), 
which  is  consistent  with  the  findings  that  this  mutant  was  not  a 
Pinl  substrate  (Fig.  5e).  These  results  indicate  that  the  Ser  246-Pro 
motif  of  p-catenin  is  crucial  for  Pinl  to  affect  the  subcellular  local¬ 
ization  of  p-catenin. 

Correlation  between  nudear  localization  of  P-catenin  and  overex¬ 
pression  of  Pinl  in  human  breast-cancer  tissues.  To  examine  fur¬ 
ther  whether  Pinl  expression  was  correlated  with  the  subcellular 
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Pinl  staining 


p-eatenin  staining 

Low  level 

(n*ll) 

High  level 
(n»29) 

Total 

Cytoplasm/hucleus 

2  (5.0%! 

23(57.5%) 

25  (62.5%) 

Membrane  only 

9(22.5%) 

6<  15.0%) 

.15  (37.5%)' 

Total 

11  (27.5%) 

29(72.5%) 

40(100.0%) 

The  level  of  Phi  1  expression  and  localization  of  ^catenh  were  determined  in  40  surgical 
specimens  of  breast  cancer,  as  shown  in  fig.  &  The  correlation  Was  analysed  using  a  * 
Spearman  rank  correlation  test  P  <  0,01 


**  *  4 

localization  of  ji-catenln  in  vivo,  we  determined  both  the  expression 
of  Pinl  and  the  subceUulaY ‘localization  bfp-cafemn  in  4CTpmriary 
human  breast-tumour  tissues  by  immunohistochemical  staining.  As 
shown  previously  (ref.  27  and  Fig*  4c),  Pinl  is  overexpressed  to  var¬ 
ious  degrees  in  breast-cancer  tissues.  Interestingly,  P-jcategin  accu¬ 
mulated  in  the  nuclear/ cytoplasmic  fraction  in  tumour  tissues* con¬ 
taining  high  levels  of  Pinl,  whereas  the  localization  of  P-catenin  was 
primarily  at  membranes  in  tumour  tissues  containing  low  levels  of 
Pinl  (Fig.  8,  Table  2).  In  40  tumour  tissues  examined  there  was  a  sig¬ 
nificant  correlation  between  Pinl  expression  and  the  subcdlular 
localization  of  P-catenin,  as  determined  by  the  Spearman  rank  cor¬ 
relation  test  (P<  0.01).  These  results  further  support  the  notion  that 
Pinl  is  important  in  the  regulation  of  P-catenin  and  strengthen  the 
significance  of  Pinl  overexpression  in  the  activation  of  P-catenin  in 
human  breast  cancer. 


Discussion 

We  have  recently  found  that  Pinl  is  drastically  overexpressed  in 
several  human  cancer  tissues,  including  breast  and  prostate  cancers, 
and  that  Pin!  binds  phosphoryiated  c-Jun  and  Increases  its  ability 
to  activate  the  cyclin  D1  promoter  via  the  activator  protein- 1  (AP- 
1)  site27.  These  findings  indicate  that  overexpression  of  Pinl  might 
contribute  to  oncogenesis  via  the  modulation  of  gene  expression. 
To  examine  this  possibility  further,  we  performed  gene  expression 
profiling  with  the  differential  display  method.  Interestingly,  four  of 
twelve  upreguiated  genes  identified  are  target  genes  downstream  of 
that  encoding  P-catenin,  which  have  been  confirmed  by  northern 
and  western  analyses.  Furthermore,  Pinl  activates  cyclin  D1  and 
TOPFLASH  promoters  via  the  TCF  sites.  Moreover,  the  overexpres¬ 
sion  or  depletion  of  Pinl  levels  in  cell  lines  significantly  alters  the 
levels  of  P-catenin  by  affecting  its  protein  stability  The  significance 
of  this  observation  in  vitro  is  substantiated  by  the  findings  that 
upregulation  of  Pinl  in  breast  cancer  Is  strongly  correlated  with  P* 
catenin  levels  in  the  tumours,  whereas  P-catenin  levels  were 
markedly  decreased  in  tissues  in  Pinl  knockout  mice.  These  results 
demonstrate  that  Pinl  regulates  the  stabilization  of  P-catenin 
under  both  physiological  and  pathological  conditions. 

The  Identification  of  the  gene  encoding  cyclin  D1  as  one  of  the 
Pinl -induced  genes  in  the  differential  display  screen  has  confirmed 
our  early  findings  that  Pinl  is  correlated  with  the  overexpression  of 
cyclin  D1  in  human  breast  cancer  and  activates  the  cyclin  D1  pro¬ 
moter  in  vitrcF,  Pinl  can  activate  the  cyclin  D1  promoter  via  theAP- 
1  rite  in  collaboration  with  the  Ras  signalling  pathway27.  Our  present 
studies  have  further  demonstrated  that,  as  Pinl  concentrations 
increase,  Pinl  can  also  activate  the  cyclin  D1  promoter  via  the  TCF 
sites  through  the  activation  of  the  p-catenin  signalling  pathway. 
These  results  indicate  that  Pinl  might  regulate  the  cyclin  D1  pro¬ 
moter  via  different  pathways,  on  the  basis  of  the  gene  reporter  assays. 
This  is  consistent  with  the  findings  that  Pinl  levels  are  correlated 


with  cydin  D1  levels  in  breast  cancer27.  Recently,  we  also  found  that 
mice  lacking  Pinl  demonstrate  phenotypes  remarkably  similar  to 
those  in  cyclin-Dl-deficent  mice  (Y.-C.L,  A.R.,  H.  K,  Huang,  P.  J. 
Lu,  R.  Bronson,  F.  Fujimori,  T.  Uchida,  T.  Hunter  and  K.P.L., 
unpublished  results).  It  has  been  shown  that  high  p-catenin  activi¬ 
ty  is  significantly  correlated  with  cyclin  DI  expression  and  poor 
prognosis,  and  is  a  strong  and  independent  prognostic  factor  for 
human  breast  cancer24.  Our  findings  that  Pinl  is  correlated  with  P- 
catenin  in  breast-cancer  tissues  indicate  that  Pinl  might  be  a 
potential  prognostic  marker. 

Pin  1- catalysed  prolyl  isomerization  can  induce  a  conformation¬ 
al  change  in  proteins  and  thereby  affects  protein  activity,  protein 
dephosphorylation  and/or  protein-protein  interactions2*-30*32*35. 
Given  that  p-catenin  contains  three  Ser-Pro  motifs,  it  might  be  a 
Pinl  substrate.  Indeed,  Pinl  binds  to  P-catenin  in  vivo  and  in  vitro , 
but  only  after  it  has  been  phosphoryiated.  The  binding  site  has  been 
further  mapped  to  the  pSer  246-Pro  motif  located  at  the  centre  of 
Armadillo  repeats;  the  surrounding  sequence  Is  consistent  with  the 
Phil  binding  specificity50.  Importantly,  Pinl  selectively  blocks  the 
interaction  between  P-catenin  and  APC.  Furthermore,  Pinl 
increases  an  accumulation  of  p-catenin  in  the  nucleus  and  activates 
the  transcription  of  its  target  genes.  These  results  indicate  that  Pinl 
not  only  binds  phosphoryiated  P-catenin  and  inhibits  its  interac¬ 
tion  with  APC,  but  also  decreases  p-catenin  turnover  and  increases 
its  nuclear  translocation,  resulting  in  the  upregulation  of  target 
genes  downstream  of  that  encoding  p-catenin. 

Recent  studies  on  the  crystal  structure  of  the  p-catenin  com¬ 
plexes  and  the  role  of  APC  in  a  nuclear-cytoplasmic  shuttling 
might  provide  an  explanation  of  why  Pinl  affects  the  interaction 
between  p-catenin  and  APC  and  the  accumulation  of  P-catenin  in 
the  nucleus.  APC  is  a  nuclear-cytoplasmic  shuttling  protein  that 
can  export  nuclear  p-catenin  to  the  cytoplasm  for  degrada¬ 
tion30*22’45.  Interestingly,  in  contrast  to  two  other  Ser-Pro  motifs  that 
are  buried  in  the  helices  in  P-catenin,  the  Pinl -binding  Ser  246- Pro 
motif  is  located  at  an  exposed  loop  region  between  the  two  helices 
at  tiie  third  Armadillo  repeat  (Supplementary  Information,  Fig. 
Sla)41’42,  Importantly,  this  Ser  246-Pro  motif  is  next  to  the  binding 
rite  for  APC,  and  mutations  of  Phe255  and  Phe295  in  P-catenin  com¬ 
pletely  abolish  their  ability  to  bind  APC  (Supplementary 
Information,  Fig.  Sib)41*42.  We  therefore  propose  that  Pinl  would 
bind  and  isomerize  the  pSer  246-Pro  peptide  bond  in  p-catenin, 
which  would  affect  its  ability  to  bind  APC,  thereby  regulating  the 
turnover  and  subcellular  localization  of  p-catenin  (see 
Supplementary  Information,  Fig.  Sla,  b).  Consistent  with  this 
notion  is  the  observation  that  disruption  of  the  ability  of  Pinl 
either  to  bind  or  to  isomerize  the  pSer/Thr-Pro  motifs  abolishes  the 
ability  of  Pinl  to  Induce  the  translocation  of  p-catenin  to  the 
nucleus  and  to  activate  the  P-catenin-dependent  transcription. 
Thus,  our  results  indicate  that  Pinl -dependent  prolyl  isomeriza¬ 
tion  might  be  a  novel  mechanism  for  regulating  the  P-catenin  and 
APC  interaction. 

In  summary,  our  results  show  that  overexpression  of  Pinl  con¬ 
tributes  to  the  upregulation  of  P-catenin  in  tumours  such  as  breast 
cancer,  where  P-catenin  is  upreguiated  in  die  absence  of  a  mutation 
in  APC  or  P-catenin.  Because  the  inhibition  of  the  enzymatic  activ¬ 
ity  of  Pinl  triggers  tumour  cells  to  enter  apoptosis,  inhibition  of 
upreguiated  Pinl  might  offer  a  novel  anti-cancer  strategy.  □ 


Methods 

Victors. 

pBS- P-catenin  and  pCDNA-^-catmin/Myc/Ha-tag  were  gift*  from  Dr  $.  Hauleyama,  cydin  DI  pro- 
mo  ter  construct*  were  gifts  from  R.  Pestell,  pTOPFtASH  and  pFOPFLASH  were  a  gift  from  XiHe.and 
pCDN A/Myc-dominant-  nef*tive-TCF-<  was  a  gift  from  Dr  B.  Vogeitietn.  p-Catenin  deletion  and  site- 
directed  mutants  were  made  by  PCR  with  Pfu  DNA  polymerase  (Straiagene)  and  inserted  into 
pCDNA3, 1  and  pDS-RnJCt  vectors. 

Differential  display. 

Total  RNA  was  extracted  from  Pin  I  induced  or  non- induced  MCF  7  ceils  by  using  the  Tet-Off  Gene 
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Expression  System  (Clonlech)  in  accordance  with  the  manufacturers  protocol  Cell*  were  collected  at 
24  h  after  induction  and  total  SNA  was  extracted  with  TRIrol  reagent  {Gibco  BRL),  Fifty  micTograms 
of  total  RNA  was  used  for  constructing  the  cDNA  library  for  differential  display  screening  as  described 
previously^.wjth  minor  modification.  cDNA  fragments  with  two  different  adapters  on  both  sides 
were  amplified  by  PCR  in  the  presence  of  ]”PjdCT?  whh  adapter -specific  primer  sets.  The  amplified 
cDNAs  were  separated  on  a  6%  polyacrylamide  gel  with  urea  ami  detected  by  autoradiography  with  X* 
ray  film  exposed  overnight  By  displaying  about  10,000  cDNA  fragments  from  Pin  1 -overexpressing 
breast -cancer  MCF-7  edit  and  control  MCF-7  cells,  48  obviously  different  bands  were  recovered  and 
re- amplified  by  PCR  with  the  same  primer  set  and  cloned  into  pUCI  18  vector.  Recombinant  plasmid 
DNAs  were  sequenced  with  Big  Dye  terminator  kits  (PE  Applied  Biosytfem*  Branchburg,  New  Jersey) 
with  an  ABJ  377X1  automated  sequencer  (PE  Applied  Bkwyflems), 

*  *»:«  *  n  I- 

Northern  blot  analysis. 

SgN  micro-grams  of  total  RNA  was  separated  on  a  U%  agarose  gel  containing  0,66  M  formaldehyde 
and  transferred  to  a  Hybond-N*  membrane  (Ammham)  in  accordance  with  the  manufacturer’s  pro- 
tocol  The  fibers  were  baked  at  80  *C  for  2  h.  The  cDNA*  were  hbelled  with  [”P]dCTP  bywng  a 
Megaprime  DNA- labelling  System  (Amersham  Pharmacia),  Membrane  filters  were  hybridized  with 
iabeUed  probes  in  buffer  <40%  deionised  formamide,  4  x  SSC,  10%  dextrin  sulphate*  1  x  Deahardt’s 
solution,  40  jig  ral*1  salmon-sperm  pSA0,l%  SDS,20mM  7r*Heif?H?3>  at  42  *C  for!6di.  The 

filters  were  washed  twice  at  room  temperature  for  15  min  eadi,  and  once  for  30  mm  at  56  *C  with 

2  X  SSC  containing  0. 1%  SDS,  then  exposed  to  Sin*. 

’  «*  *  *  * 

GST  pulldown  assay,  immurtoprwfpJtation  and^mmflnofelPttfHg  aital^as. 

Cells  were  arrested  at  the  Gl/S  phase  oe  the  mitotic  phase,  as  described  previously**,  and  ^-catenin  and 
its  mutants  were  translated  m  writ,  with'tbe  TNT  coupled  troncription/transiation  kit  (Promeg*)  hi 

the  presenre  of  8  pG  {^Jnwthfonln*  They  were  then  iixxjbatod  ra  Xraapus  extract*  a*  described”. 

Cell  lysates,  or  protein*  translated  m  vitro,  were  incubated  with  20  pi  agarose  beads  oomainirw 
GST-Pfol  or  GST  «t  4  *C  for  2  h,  as  described  previously11*.  The  precipitated  protdi*  were  wwbed 
with  wa sft  buffer  containing  1%  Triton  X-100  and  subjected  to  SDS-PAGL 

For  immune  precipitation,  cells  were  harvested  at  24  h  after  transfection  and  lysed  with  Nonidet 
P40  lysis  buffer  (10  mM  Tm-HQ  pH  73,  100  mM  NaO,  05%  NP-40, 03 |ig mf*  feupeptin,  1  &  jig 
ml^  pepstatin,  02  mM  PMSF).  Cell  lysates  were  incubated  for  I  h  with  Protein  A/G-Sepbaroae/mowe 

IgG  com pkxa.  The  supemstart  fraction  was  recovered  sad  immunopredprtated  with  2  pg  inti- APC 

antfcody  (Ab-5;  Oncogene  Research)  or  anti-p-dteoin  antibody  (Transductioo  Laboratories)  and  30 

Ill  Protein  A/G-Sepharose.  After  being  v*thed  three  times  whh  lysis  buffer,  pellets  were  remspended  fat 

2>t  taenunli  sample  buffer  sod  then  analysed  by  5DS-PAGE,  Membranes  were  immunobfotted  with 
and-P-catemn  antibody,  *mi~GSK-3£  antibody  (Transduction  Laboratories), anti-AFC  (AM),  auti- 
lamin  B  or  anti- ESI  antibody  (Oocograe  Research), 

PUs#-chss«  analysis* 

Cefls  were  grown  in  60-mm  diahet  to  60%  confluence  in  normal  growth  medhun.  After  24  h  of  tram- 
fectfon,  oefo  were  washad  twice  with  KEPES- buffered  saEne  solution  (HBSS)  and  pube- labelled  for  l 

fr  in  1  ml  methionine-  and  glutamine-free  minimal  essential  medium  (Gfocn  BRL)  supplemented  with 
4  mM  glutamine,  10%  dialysed  frtal  calf  serum  and  100  pQ  1^1  methionine.  LAefied  cells  were 
waited  twice  with  HBSS  and  rinsed  whh  normal  growth  medium.  CdSs  were  harvested  at  variotv  time 
points  and  subjected  to  immune  predphaboc  with  ^-ratenin,  followed  by  SDS-PAGL 

Sana  paportar  assay. 

Approximately  60%-confluo*  cdfe  were  transfected  in  triplicate  in  12-weB  dmhes  with  Superset 
(Qiapm).  Gem  reporter  gem  assays  were  performed  with  the  Dual-Luciferaae  reporter  relay  system 
(Promegs)  at  24-30  h  after  transfection,  re  described  previously".  pRL-TK  (Promega)  was  used  rean 
inseroal  control  far  transfection  efficiency.  All  results  are  expressed  re  means  ±  sxl  for  independent 
tripfiem  culture* 

hnmunostaMiii  ml  call  fractionation  axparf mants. 

Cells  were  transfected  whh  the  indicated  plasmids  (I  pgofGFP  rector,  GFP-Ptol.GFP-Pinl***  or 
GFP-Ptol***  in  Fig,  7s.fr;  0^  R«  of  RFP-£<atenin  or  RFP-^-catenin43^  with  1  pg  of  GFP  vector  or 
GFP-Pini  in  Fig.  7*fl  and  were  fixed  with  3.7%  buffered  formaldehyde  foe  5  min  end  stained  foe 

Staining  with  antibodies  wmperibrmed  sa  described 
prerioualy***,  Nudei  were  rewemied  with  4//-diamkhno-2-phenyiindole  (DAP!)  stainir^  for  Immuno- 

twke  with  oo!d  PBS  and  lysad  with  hypotonic  buffer  (HEPES  pH  AO,  10  mM  MgCL,  1  mM  dfchiothre- 
itol  ai  mMEDTA).  After  foafoctfoo  for  IQ  ntin  at  4^  cefls  were  treated  with  03%  Nonidet  P-40 
end  centrifuged  at  1,000  r.pjn.  for  10  atin.  After  recovery  of  wpematants  representing  cytoplasmic 
components,  the  pellets  comprWng  nudear  extracts  were  weabad  oact  with  hypotonic  buffer  and  cm- 
trifupdat  1 300  r.pja.  for  5  tote  and  lysed  with  2  X  LaemmB  ample  buffre. 

bnmunoMstochamistry, 

A  breast-cancer  array  was  purchased  from  Immugenex.  Paraffin  was  removed  from  slides  with  xyiem; 
slides  were  thro  hydrated  with  100%  and  75%  ethanol  and  washed  whh  water.  The  antigen  recapture 
procedure  was  performed  fry  bcifing  in  a  microwave  own  for  10  min  in  I x  antigen  retrieval  dtra 
(Biogem).  Slides  were  treased  with  PBS  containing  5%  goat  serum  and  0.1%  Triton  X-100  for  block¬ 
ing,  and  then  with  anti-Pin!  antibody  or  aoti-p-catenm  antibody  at  4  *C  in  a  humidified  chamber  for 
12  h.  After  being  washed  with  PBS,  sHdes  were  Incubated  whh  biotinylated  secondary  antibody  for  2  h. 
Immunohtstochemkal  analysis  was  performed  with  a  VectasUan  ABC  kit  and  DAB  ruining  solution 
(Vector  Laboratories,  Burlingame,  Cafifcnua). 
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Oncogenes  NeuIHER2IErbB2  and  Ras  can  Induce  mammary  tumorfgenesis  via  upregulation  of  cyclin  Dl,  One 
major  regulatory  mechanism  in  these  oncogenic  signaling  pathways  is  phosphorylation  of  serines  or  threonines 
preceding  proline  (pSer/Thr-Pro).  Interestingly,  the  pSer/Thr-Pro  motifs  in  proteins  exist  in  two  completely 
distinct  cis  and  tram  conformations,  whose  conversion  is  catalyzed  specifically  by  the  essential  prolyl  isomerase 
Pinl.  By  isomerizing  pSer/Thr-Pro  bonds,  Pinl  can  regulate  the  conformation  and  function  of  certain  phos- 
phorylated  proteins.  We  have  previously  shown  that  Pinl  is  overexpressed  in  breast  tumors  and  positively 
regulates  cyclin  Dl  by  transcriptional  activation  and  posttranslational  stabilization.  Moreover,  in  Pinl  knock¬ 
out  mice,  mammaiy  epithelial  cells  fail  to  undergo  massive  proliferation  during  pregnancy,  as  is  the  case  in 
cyclin  Dl  null  mice.  These  results  indicate  that  Pinl  is  upregulated  in  breast  cancer  and  may  be  involved  in 
mammaiy  tumors.  However,  the  mechanism  of  Pinl  overexpression  in  cancer  and  its  significance  in  cell 
transformation  remain  largely  unknown.  Here  we  demonstrate  that  PIN1  expression  is  mediated  by  the 
transcription  factor  E2F  and  enhanced  by  c-Neu  and  Ha-i?as  via  E2F,  Furthermore,  overexpression  of  Pinl  not 
only  confers  transforming  properties  on  mammaiy  epithelial  cells  but  also  enhances  the  transformed  pheno¬ 
types  of  Neu/Ras- transformed  mammary  epithelial  cells.  In  contrast,  inhibition  of  Pinl  suppresses  Neu -  and 
J?as-induced  transformed  phenotypes,  which  can  be  fully  rescued  by  overexpression  of  a  constitutively  active 
cyclin  Dl  mutant  that  is  refractory  to  the  Pinl  inhibition.  Thus,  Pinl  is  an  E2F  target  gene  that  is  essential 
for  the  Neu/Ras-indnccd  transformation  of  mammary  epithelial  cells  through  activation  of  cyclin  Dl. 


Phosphorylation  of  proteins  on  serine/threonine  residues 
preceding  proline  (pSer/Thr-Pro)  is  a  key  regulatory  mecha¬ 
nism  for  the  control  of  cell  proliferation  and  transformation  (6, 
18,  22,  31),  For  example,  oncogenic  NeufRas  signaling  has 
shown  to  lead  to  activation  of  various  Pro-directed  protein 
kinases,  which  eventually  enhance  transcription  of  the  cyclin 
Dl  gene  via  multiple  transcription  factors,  including  E2F,  c- 
jun/AP-1,  and  p-eatenin/T-cell  factor  (TCF)  (1,  3,  17,  26,  28, 
47).  In  addition  to  transcriptional  activation,  cyclin  Dl  is  reg¬ 
ulated  by  posttranslational  modifications.  Phosphorylation  of 
cyclin  Dl  on  the  Thr286-Pro  site  by  glycogen  synthase  kinase 
3(3  (GSK-3p)  enhances  its  nuclear  export  and  subsequent  deg¬ 
radation  (2,  9, 10). 

Cyclin  Dl  has  been  shown  to  play  a  pivotal  role  in  the 
development  of  cancer,  especially  breast  cancer.  Overexpres- 
sion  of  cyclin  Dl  is  found  in  50%  of  patients  with  breast  cancer 
(5, 15).  Importantly,  overexpression  of  cyclin  Dl,  especially  the 
mutant  cyclin  D1T286A,  can  transform  fibroblasts  (2,  20).  In 
contrast,  inhibition  of  cyclin  Dl  expression  causes  growth  ar¬ 
rest  in  tumor  cells  (4,  11,  26,  45).  Furthermore,  transgenic 
overexpression  of  cyclin  Dl  in  the  mouse  mammary  gland 
leads  to  mammary  hyperplasia  and  eventually  adenocarcino¬ 
mas  (55),  More  importantly,  disruption  of  the  cyclin  Dl  gene 
in  mice  completely  suppresses  the  ability  of  Ha  -Ras  or  c-Neu/ 
HER2  to  induce  tumor  development  in  the  mammary  gland 
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(60).  These  results  indicate  that  cyclin  Dl  is  an  essential  down¬ 
stream  target  for  mammary  tumorigenesis  induced  by  Hu-Ras 
or  c-Neu  and  that  a  major  mechanism  in  these  oncogenic 
processes  is  phosphorylation  of  pSer/Thr-Pro  motifs. 

Interestingly,  the  pSer/Thr-Pro  motifs  in  proteins  exist  in 
two  completely  distinct  cis  and  tram  conformations,  whose 
conversion  is  catalyzed  specifically  by  the  essential  prolyl 
isomerase  Pinl  (30,  34,  43,  63).  By  isomerizing  specific  pSer/ 
Thr-Pro  bonds,  Pinl  has  been  shown  to  catalytically  induce 
conformational  changes  in  proteins  following  phosphorylation, 
thereby  having  profound  effects  on  their  catalytic  activity,  de¬ 
phosphorylation,  protein-protein  interactions,  subcellular  loca¬ 
tion,  and/or  turnover  (21, 29,  32,  44,  46,  52, 58,  59,  62).  Thus, 
phosphorylation-dependent  prolyl  isomerization  is  a  critical 
regulatory  mechanism  in  phosphorylation  signaling  (31). 

Significantly,  we  have  previously  shown  that  Pinl  is  strongly 
overexpressed  in  many  human  malignancies,  such  as  breast 
cancer,  and  that  its  expression  closely  correlates  with  the  tumor 
grade  and  cyclin  Dl  expression  level  in  tumors  (44,  58).  Im¬ 
portantly,  upregulation  of  Pinl  has  been  shown  to  elevate 
cyclin  Dl  gene  expression  by  activating  the  c-jun/AP-1  and 
P-catenin/TCF  transcription  factors  (44,  58).  Furthermore, 
Pinl  can  bind  directly  to  the  phosphorylated  Thr286-Pro  motif 
in  cyclin  Dl  and  stabilize  nuclear  cyclin  Dl  protein  by  inhib¬ 
iting  its  export  into  the  cytoplasm,  where  it  is  normally  de¬ 
graded  by  ubiquitin-mediated  proteolysis  (29).  Moreover,  de¬ 
letion  of  the  PIN1  gene  in  the  mouse  results  in  reduction  of 
cyclin  Dl  levels  in  many  tissues  as  well  as  causes  many  pheno¬ 
types  resembling  cyclin  Dl  null  phenotypes  (13, 48),  including 
the  failure  of  the  breast  epithelial  compartment  to  undergo  the 
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massive  proliferative  changes  associated  with  pregnancy  (29). 
These  results  indicate  that  overexpressed  Pinl  in  breast  cancer 
can  positively  regulate  the  function  of  cyclin  D1  at  the  tran¬ 
scriptional  level  and  by  posttranslational  stabilization.  How¬ 
ever,  the  mechanism  of  Pinl  overexpression  in  cancer  and  its 
significance  in  oncogenesis  remain  largely  unknown. 

The  aim  of  this  study  was  to  further  define  the  molecular 
mechanism(s)  governing  Pinl  expression  and  to  investigate  the 
role  of  Pinl  in  the  transformation  of  mammary  epithelial  cells. 
We  demonstrate  that  Pinl  expression  is  regulated  by  the  tran¬ 
scription  factor  E2F  and  is  enhanced  by  oncogenic  Neu/Ras 
signaling  via  E2F  activation.  More  importantly,  overexpression 
of  Pinl  not  only  leads  to  moderate  cell  transformation  in 
mammary  epithelial  cells  but  also  enhances  the  transformed 
phenotypes  of  iVea/Ras-transfected  mammary  epithelial  cells. 
In  contrast,  inhibition  of  Pinl  suppresses  the  Neu-  and  ^as- 
induced  transformed  phenotypes,  which  can  be  completely  res¬ 
cued  by  overexpression  of  a  constitutively  active  cyclin  D1 
mutant  that  is  refractory  to  Pinl  inhibition.  These  results  in¬ 
dicate  that  Pinl  is  a  downstream  target  of  oncogenic  Neu/Ras 
signaling  and  plays  an  essential  role  in  mammary  tumorigene- 
sis  through  activation  of  cyclin  Dl. 

MATERIALS  AND  METHODS 

Cloning  the  human  PIN1  genomic  sequence  and  plasmid  constructions.  A 
human  placenta  genomic  DNA  library  was  screened  with  a  200-bp  fragment  of 
the  human  PJN1  cDNA  encoding  the  first  exon.  We  screened  10*  plaques  and 
obtained  three  positive  clones  which  had  a  15-kb  genomic  fragment  containing 
exon  1  of  the  PIN. 1  gene.  Selected  clones  were  sequenced  with  the  Big  Dye 
terminator  kits  (PE  Applied  Biosystems,  Branchburg,  NJ.)  with  an  ABI  377XL 
automated  sequencer  (PE  Applied  Biosystems),  About  2.3  kb  of  the  human  PIN1 
promoter  sequence  were  amplified  by  PCR  and  cloned  into  the  pGL3-Basic 
vector  (Promega)  to  create  a  PIN1  promoter-luciferase  construct.  The  GenBank 
accession  number  of  the  PIN1  promoter  sequence  is  AF501321.  Several  deletion 
mutants  were  created  by  PCR  as  described  previously  (23).  Site-directed  mutants 
were  generated  with  a  site-directed  PCR  mutation  kit  (Stratagene)  according  to 
the  manufacturers  protocol. 

Cell  culture.  Parent  MCF-10A  cells  were  cultured  in  Dulbecco’s  modified 
Eagle’s  medium  (DMEM)-F-12  medium  supplemented  with  2%  horse  serum,  10 
Pg  of  insulin  per  ml,  1  ng  of  cholera  toxin  per  ml,  100  pg  of  hydrocortisone  per 
ml,  and  10  ng  of  human  epidermal  growth  factor  (Clonetics)  per  ml.  All  other  cell 
types  used  in  this  study  were  maintained  in  DMEM  supplemented  with  10%  fetal 
bovine  serum  or  other  serum  conditions,  as  indicated  below. 

Electrophoretic  mobility  shift  assays.  Electrophoretic  mobility  shift  assays 
were  performed  as  described  previously  (40, 41),  Double-stranded  oligonucleo¬ 
tides  corresponding  to  the  three  putative  E2F  recognition  sites  in  the  5 '-flanking 
regions  of  the  PIN1  gene  and  specific  mutants  of  these  sites  are  listed  below,  with 
putative  E2F  binding  sites  underlined  and  mutations  indicated  in  boldface  type: 
Site  A-wild-type,  S'-CGGGAGTTTTTTGGCGCTCGCTAAAGG-.T:  Site  A- 
mutant,  5'-CGGGAGTTTTTTGAAGCTCGCTAAAGG-3';  Site  B-wild  type, 
5  'T GCGGCGACG  CGCG  CCAAGAAGGGGT -3 f :  Site  B-mutant,  5'-TGCGG 
CGACG CGCGTCAAGAAGGGGT-3 ' ;  Site  C-wild-type,  5'-GGAGGATGGA 
GGAGCCAAATTTAAGCAT-3':  and  Site  C-mutant,  5f-GGAGGATGGAGG 
ATCCAAATTT AAG  CAT-3 ' . 

In  competition  assays,  these  double-stranded  oligonucleotides  were  used  as 
competitors  at  a  10-  or  100-fold  molar  excess,  A  consensus  E2F  site  from  the 
adenovirus  E2  promoter  was  used  as  a  probe  (41).  Electrophoretic  mobility  shift 
assay  was  performed  with  gel  shift  assay  systems  (Promega).  Recombinant  glu¬ 
tathione  5-transferase  (GST)-E2F1  was  incubated  with  the  radiolabeled  probe 
in  binding  buffer  [10  mM  Tris-HCi  (pH  7.5),  1  mM  MgCl2,  0.5  mM  EDTA,  0.5 
mM  dithiothreitol,  50  mM  NaCl,  50  ng  of  poly(dl-dC)  per  ml,  4%  glycerol] 
containing  end-labeled  DNA  fragments  at  25eC  for  20  min.  Samples  were  re¬ 
solved  on  a  5%  polyacrylamide  native  gel  in  0.5  X  Tris-borate-EDTA.  Each  gel 
was  dried  and  then  subjected  to  autoradiography  for  3  h. 

Gene  reporter  assay.  At  **60%  confluency,  MCF-7  or  HeLa  cells  were  trans¬ 
fected  in  triplicate  with  luciferase  reporter  constructs  with  FuGENE  6  (Roche 
Diagnostics).  Gene  reporter  assays  were  performed  with  the  dual-luciferase 


reporter  assay  system  (Promega)  at  24  to  36  h  after  transfection  as  described 
previously  (44,  58),  pRL-TK  or  pRL-CMV  (Promega)  was  used  as  an  internal 
control  for  transfection  efficiency.  All  results  are  expressed  as  the  mean  ± 
standard  deviation  (SD)  from  independent  triplicate  cultures. 

Real-time  RT-PCR.  Total  RNA  was  isolated  with  Trizot  reagent  (Gibco-BRL), 
and  single-stranded  cDNAwas  synthesized  with  Superscript  (Gibco-BRL).  Real¬ 
time  reverse  transcription  (RT)-PCR  was  performed  with  an  ABI  7700  sequence 
detector  system  (Applied  Biosystems)  as  described  previously  (58).  Briefly,  50  ng 
of  cDNAwas  used  in  duplicate  per  PCR  run  with  specific  primer  sets  for  human 
PIN1  and  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH).  All  data  were 
normalized  to  GAPDH  as  an  internal  control  according  to  the  manufacturer’s 
instructions. 

Cyclin  Dl-asseciated  kinase  assay.  Cells  were  lysed  with  NP-40  lysis  buffer  (10 
mM  Tris-HCI  [pH  7.5],  150  mM  NaCI,  0.5%  NP-40, 50  mM  NaF,  1  mM  Na3V04, 
0.5  pg  of  leupeptin  per  ml,  1,0  pg  of  pepstatin  per  ml,  0.2  mM  phenylmefhyl- 
sulfonyl  fluoride).  Cell  lysates  were  immunoprecipitated  with  protein  A-agarose 
beads  precoated  with  the  cyclin  Dl  antibody  DCS-11  (NeoMarkers,  Fremont, 
Calif.),  followed  by  the  in  vitro  kinase  assay  as  described  previously  (27). 

Chromatin  immunopreripitation.  The  chromatin  immunoprecipitation 
method  was  as  described  previously  (57).  Briefly,  5  X  1G6  cells  were  fixed  by 
addition  of  formaldehyde  to  the  tissue  culture  medium  (final  concentration,  1%). 
Isolated  chromatin  was  sonicated  to  an  average  length  of  0.5  to  1  kb  and  treated 
with  1  pg  of  mouse  anti-E2F-l  antibody  (Transduction  Laboratories)  or  control 
mouse  immunoglobulin  G  (IgG)  for  16  h  at  4°C.  The  complexes  were  immuno¬ 
precipitated  with  30  pi  of  protein  A  beads  and  washed  with  immunoprecipitation 
buffer  (100  mM  Trls-HCl  [pH  9.0],  500  mM  LICi2, 1%  NP-40, 1%  deoxycholate). 
After  elution  and  reversal  of  cross-links,  DNA  was  isolated  and  analyzed  by 
PCR.  PCR  products  were  visualized  on  a  2%  agarose  gel  with  CyberGreen. 

Cell  transformation  assays.  Transformation  assays  were  performed  as  previ¬ 
ously  described  (8,  16).  MCF-lOlNeufRos  cells  (10*  per  60-mm-diameter  dish) 
were  transfected  with  1  pg  of  pIRES-puro/GFP,  pIRES-puro/GFP-Pinl,  or 
pIRES-puro-GFP/dnPinl  by  FuGENE  (Roche  Diagnostics).  After  24  h,  trans¬ 
fected  cells  were  selected  with  puromycin  (1.3  pg/ml)  for  36  to  48  h.  Cells  were 
then  trypsinized  and  passed  into  100-mm-diameter  dishes.  The  medium  was 
changed  twice  weekly  for  3  weeks.  For  colony  counting,  cells  were  washed  twice 
with  phosphate-buffered  saline  (PBS),  fixed  with  10%  acetic  acid  for  10  min,  and 
stained  with  0,4%  crystal  violet  in  10%  ethanol  for  10  min.  The  dishes  were 
rinsed,  inverted,  and  dried  at  room  temperature.  Soft  agar  assays  were  per¬ 
formed  in  6-cm  plates  with  a  3-ml  basal  layer  of  0.5%  agar  in  10%  fetal  bovine 
serum,  A  total  of  5, OCX)  to  50,000  cells  in  0,3%  top  agar  were  plated  in  each  plate 
in  triplicate  as  described  previously  (8, 16).  After  2  to  3  weeks,  positive  colonies 
(0.2-mm  diameter)  were  counted,  and  the  transformation  efficiency  was  deter¬ 
mined. 

Three-dimensional  Matrigel  assay.  Three-dimensional  Matrigel  assays  were 
performed  as  described  before  (37, 42),  Cells  were  resuspended  in  assay  medium 
(DMEM-F-12  supplemented  with  2%  horse  serum,  10  pg  of  insulin  per  ml,  1  ng 
of  cholera  toxin  per  ml,  100  pg  of  hydrocortisone  per  ml,  and  10  ng  of  human 
epidermal  growth  factor  per  ml)  at  a  concentration  of  8  X  104  cells/ml.  Eight 
chambered  RS  glass  slides  (Nalgene)  were  coated  with  35  pi  of  Matrigel  per  well 
and  left  to  solidify  for  20  min.  Then  200  pi  of  cell  suspension  was  mixed  1:1  with 
assay  medium  containing  4%  Matrigel  and  plated  on  each  chamber.  Assay 
medium  was  replaced  every  4  days.  After  15  days,  cells  were  fixed  with  10% 
methanol-acetone  and  stained  with  anti-E-cadherin  antibody  (Transduction 
Laboratories)  and  TOPRO-3  (Molecular  Probes),  followed  by  confocal  micros¬ 
copy. 


RESULTS 

The  PIN 1  promoter  is  regulated  by  transcription  factor  E2F. 
Although  Pinl  has  been  shown  to  be  overexpessed  in  many 
tumors  such  as  breast  carcinoma  (45, 59),  the  molecular  mech¬ 
anism  of  this  overexpression  remains  unknown.  We  therefore 
decided  to  examine  the  transcriptional  regulation  of  PIN1  ex¬ 
pression.  As  a  first  step  to  identifying  the  PIN!  promoter 
sequence,  we  screened  a  human  genomic  DNA  library  and 
isolated  three  positive  clones  (Fig.  1A).  A  2.3-kb  fragment 
upstream  of  exon  1  of  the  PIN1  gene  was  subcloned  for  farther 
analysis.  This  promoter  sequence  has  neither  TATA  nor 
CAAT  boxes  but  has  two  putative  GC  boxes  and  three  putative 
E2F  binding  sites,  named  sites  A,  B,  and  C  (Fig.  1A). 
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FIG.  1.  E2F  binds  the  PIN1  promoter.  (A)  Human  PIN1  promoter  sequence.  The  nucleotide  sequence  of  the  human  PIN1  gene  that  includes 
the  5'-flanking  region  and  first  exon  is  listed.  Putative  binding  sites  for  transcription  factors  are  underlined.  The  ATG  translation  initiation  codon 
is  in  the  first  exon  typed  in  boldface.  (B)  Electrophoretic  mobility  shift  assays  were  performed  with  recombinant  E2F1  protein  and  end-labeled 
double-stranded  oligonucleotides  (oligo)  corresponding  to  the  PIN1  promoter  sequence  containing  either  wild-type  (wt)  or  mutant  (mt)  E2F 
binding  sites,  A  consensus  E2F  site  from  the  adenovirus  E2  promoter  was  used  as  a  competitor  (comp,)  in  a  100X  molar  excess  of  labeled  probe. 
(C)  Competitive  activity  of  PIN1  promoter  sequences  for  E2F  binding.  Labeled  oligonucleotides  corresponding  to  E2F  binding  sites  from  the 
adenovirus  E2  promoter  were  incubated  with  recombinant  E2F1  protein  in  the  presence  or  absence  of  unlabeled  PIN1  promoter  sequences.  Three 
different  oligonucleotides  corresponding  to  E2F  binding  sites  in  the  PJN1  promoter  (sites  A  to  C)  were  used  as  competitors.  Wild-type 
oligonucleotides  were  mixed  at  a  10-  or  100-fold  molar  excess  and  mutants  were  mixed  at  a  100-fold  molar  excess  of  labeled  probe. 


The  fact  that  the  E2F/Rb  pathway  is  deregulated  in  many 
cancers  suggested  a  possible  role  for  E2F  in  overexpression  of 
Pinl  in  cancer  cells.  To  examine  whether  E2F  binds  the  PIN1 
promoter,  we  first  synthesized  double-stranded  oligonucleo¬ 
tides  corresponding  to  each  putative  E2F  site  and  conducted 
electrophoretic  mobility  shift  assays  with  recombinant  E2F1 
protein.  Recombinant  E2F1  bound  all  three  E2F  probes,  and 
the  binding  was  completely  abolished  by  point  mutations  in¬ 
troduced  into  each  putative  E2F  site  (Fig.  IB).  Furthermore,  a 
competition  assay  with  nonlabeled  oligonucleotides  revealed 
that  the  wild-type  but  not  the  mutant  oligonucleotides  com¬ 
peted  efficiently  for  E2F1  binding  to  the  Pinl  E2F  sites  (Fig, 
IB).  Moreover,  all  three  putative  E2F  sequences  also  effi¬ 
ciently  competed  with  the  adenovirus  E2  promoter  sequence,  a 
well-characterized  E2F  site  (38),  for  E2F1  binding  (Fig.  1C). 
However,  no  competition  was  detected  with  any  of  three  mu¬ 


tant  E2F-binding  sequences  (Fig.  1C).  These  results  indicate 
that  all  three  putative  E2F-binding  sequences  have  the  ability 
to  bind  E2F1  in  vitro. 

To  examine  whether  E2F  affects  PIN1  promoter  activity  and 
whether  any  of  the  putative  E2F  sites  are  functional  in  vivo,  we 
inserted  the  2.3-kb  5?-flanking  region  of  the  PIN1  gene  into  a 
basic  luciferase  expression  vector  (pGL3-Basie),  resulting  in 
-2300LUC,  and  performed  gene  reporter  assays.  Indeed, 
E2F1  effectively  activated  the  PIN1  promoter  in  a  dose-depen- 
dent  manner  (Fig.  2A).  Furthermore,  two  other  E2F  proteins, 
E2F2  and  E2F3,  also  potently  activated  the  PIN1  promoter 
(Fig.  2B).  These  results  indicate  that  E2F  proteins  can  activate 
the  PIN1  promoter  in  cells. 

To  determine  the  importance  of  three  putative  E2F-binding 
sites  in  the  PIN!  promoter,  several  5'  deletional  and  site- 
directed  mutants  were  generated  (Fig.  IE).  Compared  to  the 
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FIG.  2.  Activation  of  the  PIN1  promoter  by  E2F.  (A)  E2F1  activates  PIN1  promoter  activity  in  a  dose-dependent  manner.  MCF-7  cells  were 
transfected  with  the  PIN1  promoter-in ciferase  construct  (— 2300LUC)  and  B2F-1  expression  vector.  Cells  were  harvested  at  36  h  after  transfection 
and  subjected  to  a  gene  reporter  assay.  (B)  E2F  family  proteins  enhance  PIN1  promoter  activity.  Cells  were  cotransfected  with  vectors  expressing 
E2F1,  E2F2,  or  E2F3  together  with  the  -2300LUC  or  -160LUC  reporter  construct.  (C)  Mapping  of  the  PIN]  promoter  region  responsible  for 
transcriptional  activation  by  E2F.  A  series  of  5'  deletion  and  site-directed  mutants  were  transfected  into  HeLa  cells  together  with  the  E2F1 
expression  vector  or  a  control  vector.  (D)  Cell  growth-dependent  regulation  of  PIN1  gene  expression  in  normal  fibroblasts.  MEFs  were  transfected 
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wild-type  PIN1  promoter  (-2300bp),  the  mutation  or  deletion 
of  the  two  distant  E2F-binding  sites  (sites  C  and  B,  located  at 
—557  to  —550  and  —312  to  -305,  respectively)  did  not  have 
much  effect  on  PIN1  promoter  activity  in  response  to  E2F1 
(Fig,  2C).  However,  deletion  of  the  proximal  E2F-binding  site 
(site  A,  located  at  —288  to  —281)  strongly  diminished  the 
induction  of  the  PIN1  promoter  by  E2F1  (Fig.  2C).  Similar 
results  were  also  observed  in  the  induction  of  the  PIN1  pro¬ 
moter  by  either  E2F2  or  E2F3  (data  not  shown).  These  results 
Indicate  that  the  proximal  E2F-binding  site  is  the  most  impor¬ 
tant  regulatory  site  for  the  PIN1  promoter  by  E2F. 

In  addition,  the  PIN1  promoter  has  two  GC  boxes,  which  are 
potential  recognition  sites  for  the  transcription  factor  Spl  (Fig. 
1A),  Since  several  reports  have  shown  a  possible  functional 
interaction  of  Spl  with  E2F  (25),  we  deleted  these  two  Spl- 
binding  sites  (— 160LUC).  Deletion  of  the  Spl  sites  slightly 
reduced  PIN1  promoter  activity,  suggesting  that  they  may  also 
contribute  to  Ml  induction  of  PIN1  by  E2F  (Fig,  IE),  These 
gene  reporter  assays  demonstrate  that  E2F1  can  regulate  the 
promoter  activity  of  the  PIN1  gene. 

To  determine  whether  other  E2F  family  members  affect 
PIN1  promoter  activity,  expression  vectors  encoding  E2F1  to 
-3  were  cotransfected  with  PIN1  promoter  reporter  constructs. 
Figure  2B  shows  that  E2F  family  proteins,  especially  E2F2, 
potentiated  PIN1  promoter  activity  through  E2F-binding  sites. 
However,  the  —  160-base  construct,  in  which  the  three  E2F  and 
Spl  binding  sites  were  deleted  (— 160LUC),  was  not  responsive 
to  the  ectopic  expression  of  E2F  proteins.  These  results  indi¬ 
cate  that  in  addition  to  E2F1,  E2F2  and  E2F3  can  also  activate 
the  PIN1  promoter. 

Many  E2F  downstream  target  genes  are  related  to  cell  cycle 
progression  and  DNA  synthesis  and  are  regulated  in  a  cell 
growth-dependent  manner  in  normal  cells,  especially  when 
E2F-binding  sites  are  proximal  to  the  transcription  initiation 
site  (14,  39-41),  To  examine  whether  PIN1  expression  is  de¬ 
pendent  on  cell  growth,  we  measured  PIN1  promoter  activity 
and  Pinl  protein  levels  in  normal  mouse  embryo  fibroblasts 
(MEFs)  at  various  time  points  following  cell  cycle  reentry, 
MEFs  were  synchronized  at  the  G0  phase  by  serum  starvation 
and  then  released  to  enter  the  cell  cycle  by  the  addition  of 
serum.  Although  the  activity  of  Pinl-160LUC  and  control 
vectors  did  not  respond  to  serum  addition,  PIN1  promoter 
activity  was  upregulated  16  to  20  h  after  serum  addition  (Fig. 
2D).  This  correlated  with  an  increase  in  Pinl  protein  levels  in 
the  same  cells  within  the  same  time  frame  following  serum 
addition  (Fig,  2E  and  F),  Moreover,  increased  PIN]  promoter 
activity  and  Pinl  protein  levels  correlated  well  with  DNA  syn¬ 
thesis,  as  assayed  by  bromodeoxyuridine  (BrdU)  incorporation 
(Fig.  2F),  These  results  indicate  that  PIN1  gene  expression  is 
regulated  in  a  cell  cycle-dependent  manner  in  normal  cells, 
further  supporting  the  role  of  E2F  in  regulating  PIN1  expres¬ 
sion  In  cells. 


Binding  of  E2F  to  the  PIN1  promoter  in  vivo  correlates  with 
PIN1  expression  in  breast  cell  lines.  We  have  previously  shown 
that  in  cancer  cells,  Pinl  protein  levels  are  constant  throughout 
the  cell  cycle  and  remain  at  higher  levels  than  those  in  normal 
or  nontransformed  cell  lines.  The  above  results  suggested  that 
constitutive  deregulation  of  the  Rb/E2F  pathway  may  contrib¬ 
ute  to  Pinl  overexpression  in  cancer  cells.  To  address  this 
possibility,  we  first  examined  whether  E2F  binds  the  PIN1 
promoter  sequence  in  several  nontransformed  and  trans¬ 
formed  breast  epithelial  cell  lines  by  chromatin  immunopre- 
cipitation  analysis  with  an  anti-E2Fl  antibody.  Although  each 
input  sample  had  a  similar  amount  of  the  PIN1  promoter 
sequence  when  tested  by  quantitative  PCR  (Fig,  3A),  there 
were  dramatic  difference  in  the  amounts  of  PIN1  promoter 
sequence  that  were  immunoprecipitated  by  anti-E2F  antibod¬ 
ies,  as  determined  by  quantitative  PCR  with  the  same  primer 
set  (Fig,  3B),  Compared  with  normal  breast  epithelial  76N  cells 
and  immortalized  but  nontransformed  MCF-10A  cells,  much 
more  PIN1  promoter  sequences  were  coimmunoprecipitated 
with  E2F1  in  several  breast  cancer  cell  lines  (Fig,  3B).  These 
results  not  only  confirm  that  E2F  Indeed  binds  the  PIN1  pro¬ 
moter  sequence  in  the  cell  but  also  indicate  that  the  amounts 
of  E2F  protein  bound  on  the  promoter  vary  among  different 
breast  epithelial  cell  lines. 

We  next  determined  whether  E2F  binding  to  the  PIN1  pro¬ 
moter  Is  correlated  with  PIN!  expression  levels  by  measuring 
PIN1  mRNA  and  protein  levels  in  these  cell  lines  by  real-time 
PCR  and  immunoblotting  analyses,  respectively.  Both  PIN1 
mRNA  and  protein  levels  were  much  higher  in  all  transformed 
cell  lines  compared  with  those  in  normal  primary  76N  cells  and 
Immortalized  but  nontransformed  MCF-10A  cells  (Fig.  3C  and 
D).  Furthermore,  there  was  a  good  correlation  between  the 
amounts  of  E2F  bound  on  the  PIN1  promoter  and  levels  of 
PIN1  mRNA  and  protein  in  all  breast  epithelial  cells  examined 
(Fig.  3B  to  D).  Taken  together,  the  above  results  demonstrate 
that  the  transcription  factor  E2F  plays  an  important  role  in  the 
regulation  of  PIN1  expression  in  breast  cell  lines. 

Bos  and  Neu  enhance  PIN1  expression  via  E2F.  Oncogenic 
Neu  and  Ras  signaling  has  been  shown  to  enhance  E2F  tran¬ 
scriptional  activity  in  breast  cancer  cells  (12, 27, 39).  Given  that 
the  PIN1  promoter  is  activated  by  E2F  and  significantly  ele¬ 
vated  in  breast  cancer  cells,  this  Neu  and  Ras  signaling  might 
enhance  PIN1  promoter  activity  via  E2F  activation.  To  exam¬ 
ine  this  possibility,  we  first  examined  whether  Ha-ito  and 
c -Neu  activates  the  PIN1  promoter,  A  wild-type  PIN1  pro¬ 
moter  construct  and  a  mutant  construct  containing  point  mu¬ 
tations  in  the  three  putative  E2F-binding  sites  (Fig.  4A)  were 
used  in  the  assay.  Like  E2F,  Ha  -Ras  and  c -Neu  transactivated 
the  PIN1  promoter  by  ^10-fold  and  ^5-fold,  respectively  (Fig. 
4B).  However,  point  mutations  at  the  three  E2F-hinding  sites 
completely  abolished  the  ability  of  Ha  -Ras  or  Neu  to  transac- 
tivate  the  PIN1  promoter  (Fig.  4B),  These  results  suggest  that 


with  the  indicated  luciferase  reporter  constructs  and  induced  to  enter  quiescence  by  serum  starvation  (0,05%  serum)  for  48  h.  The  medium  was 
then  supplemented  with  serum  (15%),  allowing  cells  to  reenter  the  cell  cycle  as  a  synchronous  population.  Cells  were  harvested  at  various  time 
points  and  subjected  to  gene  reporter  assays,  (E  and  F)  MEFs  were  synchronized  by  serum  starvation  as  for  panel  D,  Prior  to  harvesting,  cells  were 
treated  with  BrdU  for  30  min.  Cells  were  collected  at  indicated  time  points  and  subjected  to  immunoblotting  analysis  with  anti-Pinl  antibody  or 
flow  cytometory  analysis  with  anti-BrdU  antibody.  Band  Intensities  in  Pinl  protein  levels  (F)  were  quantified  by  using  NIH-Image  and  graphed  with 
the  results  from  the  BrdU  study  (E). 
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FIG.  3.  E2F  binding  to  the  PINI  promoter  sequence  in  vivo  correlates  with  Pint  expression  level  in  breast  cancer  cell  lines.  (A  and  B)  Levels 
of  E2F  binding  to  the  PIN1  promoter  in  different  breast  cell  lines.  Cross-linked  chromatin  from  exponentially  growing  breast  cancer  cell  lines  was 
incubated  with  either  antibodies  against  E2F1  or  control  IgG.  Immunoprecipitates  from  each  sample  were  analyzed  by  PCR  with  primers  specific 
for  the  PINT,  promoter  sequence  (B).  As  an  input  control,  total  input  chromatin  was  analyzed  by  PCR  with  the  same  primer  set  (A).  (C  and  D) 
Levels  of  PIN1  mRNA  and  protein  in  different  breast  cell  lines.  mRNAs  were  isolated  from  the  cell  types  indicated,  and  PIN1  mRNA  was 
quantified  by  real-time  RT-PCR  analysis  and  normalized  to  GAPDH  mRNA  (C).  PIN]  levels  were  determined  by  subjecting  cell  lysates  to 
immunoblotting  analysis  with  a  monoclonal  anti-Pin  1  antibody  (D),  Numbers  above  the  gel  image  indicate  the  induction  (fold)  of  Pinl  protein  level 
normalized  to  a-tubulin. 


Ras  and  Neu  transaetivate  the  PIN1  promoter  through  its  E2F 
sites. 

To  further  confirm  this  result,  we  used  an  E2F1  mutant 
(E2F1E132)  which  has  been  well  shown  to  inhibit  the  function 
of  the  endogenous  E2F  proteins  in  a  dominant-negative  fash¬ 
ion  (24).  Cotransfection  of  Ras  and  wild-type  E2F  highly  in¬ 
creased  PIN1  promoter  activity  (Fig.  4C).  However,  cotrans¬ 
fection  with  the  dominant-negative  E2F  mutant  significantly 
decreased  the  ability  of  Ras  to  transaetivate  th e  PIN  1  promoter 
(Fig.  4C).  Similar  phenomena  were  also  observed  in  Neu- in¬ 
duced  iWI  promoter  activation  (data  not  shown).  These  gene 
reporter  assays  suggest  that  Neu/Ras  signaling  transactivates 
the  PIN1  promoter  via  E2F. 

To  ensure  that  Ras  and  Neu  can  increase  PIN1  expression  in 
cells,  we  first  examined  the  effects  of  exogenous  Ha  -Ras  or  Neu 
expression  on  PIN1  mRNA  and  protein  levels  in  mammary 
epithelial  cells.  Indeed,  both  Ha  -Ras  and  Neu  significantly  in¬ 
creased  PIN1  mRNA  levels  in  MCF-10A  cells,  as  determined 
by  quantitative  RT-PCR  (Fig.  4D),  as  well  as  Pinl  protein 
levels,  as  determined  by  immunoblotting  analysis  in  MCF7 
cells  (Fig.  4E).  Furthermore,  cotransfection  with  E2F  further 
increased  Pinl  protein  levels  induced  by  Ha-Ros-  or  Neu  (Fig. 
4E).  Given  that  Ha  -Ras  and  c  -Neu  can  increase  Pinl  expres¬ 
sion  in  cells,  we  also  examined  whether  transgenic  overexpres¬ 
sion  of  mouse  mammary  tumor  virus  (MMTV)-c-Neu  or 
MMTV-Ha-Ras  elevates  Pinl  expression  in  mouse  breast  tis¬ 
sues.  Interestingly,  breast  tissues  obtained  from  both  MMTV- 


c -Neu  and  MMTV-Ha-Ras  transgenic  mice  contained  much 
higher  Pinl  protein  levels  than  control  breast  tissues  (Fig.  4F). 
Taken  together,  these  results  indicate  that  Ras  and  Neu  en¬ 
hance  PIN1  expression  both  in  vitro  and  in  vivo. 

Overexpression  of  PIN1  confers  transformed  properties  on 
mammary  epithelial  cells.  We  have  previously  demonstrated 
that  PINI  expression  is  highly  elevated  in  human  breast  cancer 
tissues  and  plays  a  pivotal  role  in  the  regulation  of  cyclin  D1 
function  (29, 44, 58).  Interestingly,  cyclin  D1  is  also  an  essential 
mediator  in  the  development  of  breast  cancer  induced  by  on¬ 
cogenic  New  and  Ras  (26, 60).  Given  that  PINI  is  a  downstream 
target  of  oncogenic  Neu/Ras  signaling,  a  critical  question  is 
whether  overexpression  of  PINI  has  any  effect  on  the  cell 
transformation  of  mammary  epithelial  cells. 

To  address  this  question,  we  stably  transfected  GFP-Pinl 
and  control  GFP  into  MCF-10A  cells,  a  spontaneously  immor¬ 
talized  but  nontransformed  mammary  epithelial  cell  line  that 
has  been  widely  used  for  cell  transformation  studies  (7,  51). 
Multiple  stable  cell  lines  that  had  similar  properties  were  ob¬ 
tained,  with  one  GFP-expressing  and  two  GFP-Pinl-expressing 
cell  lines  (clones  1  and  2)  being  further  characterized.  The  two 
GFP-Pinl-expressing  cell  lines  moderately  overexpressed  Pinl, 
about  three-  and  sixfold  higher  than  endogenous  levels  (Fig. 
5A  and  data  not  shown).  Consistent  with  our  previous  studies 
(29,  44,  58),  cyclin  D1  levels  were  elevated  in  these  GFP-Pinl 
stable  clones  compared  with  control  GFP  cells,  with  cyclin  D1 
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FIG.  4.  Ras  and  Neu  stimulate  the  PIN1  promoter  through  E2F  activation.  (A)  Schematic  representation  of  wild-type  and  mutant  PIN1 
promoter  reporter  constructs,  (B)  MCF-7  cells  were  cotransfected  with  a  reporter  construct  (0.1  jxg)  and  E2F-1,  Ha  -Ras,  or  Neu  (0.5  jxg),  followed 
by  gene  reporter  assays,  (C)  Dominant-negative  E2F1  inhibits  activation  of  the  PIN!  promoter  by  Ras,  Gene  reporter  assays  were  performed  in 
MCF-7  cells  as  shown  in  panel  B,  Wild-type  E2F-1  or  its  dominant-negative  mutant  E2F1E132  was  cotransfected  with  the  Ras  and  -2300LUC 
reporter  constructs.  (D)  Neu  mdRas  upregulate  PIN]  mRNA  levels  in  MCF-10A  cells.  MCF-10A  cells  were  transiently  transfected  with  plasmids 
encoding  E2F1,  Ha ~Rast  or  Neu,  For  each  transfection,  a  plasmid  encoding  a  puromycin  resistance  gene  (pIRES-puro)  was  cotransfected  as  a 
selection  marker.  Puromycin  (1.3  jxg/ml)  was  added  to  the  medium  24  h  after  transfection.  At  36  h  following  addition  of  puromycin,  puromvcin- 
resistant  cells  were  reseeded  and  cultured  for  an  additional  24  h.  Total  RNA  was  collected  and  subjected  to  real-time  RT-PCR  as  described  in 
Materials  and  Methods.  (E)  MCF-7  cells  were  transfected  with  the  indicated  expression  vectors  for  48  h,  and  cell  lysates  were  subjected  to 
immunoblotting  analysis  with  anti-Pinl  and  antitubulin  antibodies.  Numbers  above  the  gel  image  indicate  the  fold  induction  of  the  Pinl  protein 
level  normalized  to  oe-tubulin,  (F)  PIN1  is  overexpressed  in  breast  tissues  from  MMTV-c-Afew  and  MMTV-Ha-Ros  mice.  Mammary  tissues  from 
two  wild-type  (WT),  two  MMTV-Ae«  (Neu),  and  two  MMTV-R&y  (Ras)  mice  were  lysed  and  subjected  to  immunoblotting  analysis  with  anti-Pinl 
and  antitubulin  antibodies. 
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FIG,  5,  PIN!  overexpression  confers  a  transformed  phenotype  on  MCF-10A  cells,  (A)  Establishment  of  MCF-10A  cells  stably  expressing  GFP 
or  GFP-Pinl.  Immunoblotting  (IB)  analysis  was  performed  with  anti -GFP  and  anti-cyclin  D1  antibodies.  (B)  To  measure  anchorage-independent 
cell  growth  and  survival,  GFP-  or  GFP-Pinl-transfected  MCF-10A  cells  were  suspended  in  0.3%  soft  agar  for  14  days.  (C)  Cell  lines  stably 
expressing  GFP  and  GFP-Pinl  were  plated  on  Matrigel  for  15  days.  Phase  images  of  an  acinus  at  higher  magnification  are  shown  in  the  upper 
panels.  The  acini  were  stained  with  anti-E-cadherin  antibodies  and  the  DNA  dye  TOPRO-3,  and  confocal  images  though  the  middle  of  an  acinus 
are  shown  in  the  lower  panels.  Arrows  indicate  cell  surface  spikes  protruding  into  the  Matrigel. 


levels  being  correlated  with  exogenous  Pinl  expression  levels 
(Fig.  5A). 

Although  there  was  no  detectable  difference  in  cell  morphol¬ 
ogy  and  growth  rate  on  plastic  plates  between  GFP-Pinl  and 
control  GFP  cell  lines  (data  not  shown),  overexpression  of 
GFP-Pinl  but  not  GFP  conferred  anchorage-independent  cell 


growth  in  soft  agar  (Fig,  5B).  However,  the  size  and  frequency 
of  colonies  were  much  less  than  those  of  Aew/Z^w-transformed 
MCF-10A  cells  (Fig.  5B  versus  Fig,  6F).  Moreover,  like  paren¬ 
tal  MCF-10A  cells  (7,  51),  GFP-Pinl  stable  cell  lines  were 
unable  to  survive  in  DMEM  supplemented  withl0%  fetal  bo¬ 
vine  serum  (data  not  shown),  while  Neu/Ras-tmnsiormed 


CF-IQA/Neu/Ras 


Mock  GFP  Pinl  dnPint 


FIG.  6.  PIN1  is  essential  for  NeufRas-indxxced  cell  transformation,  (A)  Establishment  of  stable  MCF-10A  cell  lines  expressing  both  Neu  and  Ras, 
Cells  were  cotransfected  with  Neu  and  Ras  expression  vectors  and  selected  with  G418,  A  selected  clone  was  checked  for  expression  of  Ras,  Neu , 
PIN1,  and  cyclin  D1  by  immunoblottlng  analysis,  (B)  Morphological  changes  in  MCF-10A  cells  stably  expressing  Neu  and  Ras  (MCF40 INeulRas) 
and  additional  PIN1  or  dn-PINL  Cells  were  seeded  in  60-mm  dishes  and  photographed  with  a  phase-contrast  microscope  before  reaching 
confluence,  (C  and  D)  Manipulation  of  Pinl  levels  alters  proliferation  in  MCF-10 INeulRas  cells.  Transfected  cells  were  selected  with  puromycin 
for  48  h  and  reseeded  in  35-mm  dishes.  Cells  were  grown  in  high-serum  (10%)  (C)  or  low-serum  (0.1%)  (D)  medium  and  trypsinized  at  various 
time  points.  Viable  cells  were  counted  by  the  trypan  blue  dye  exclusion  method.  (E)  PIN1  is  necessary  for  NeufRas- induced  focus  formation.  The 
same  number  of  cells  (104)  transfected  with  either  the  GFP,  GFP-Pinl,  or  GFP-dnPinl  expression  vector  were  seeded  in  10-cm  plastic  dishes  after 
selection  with  puromycin.  After  14  days,  cells  wrere  fixed  and  stained  with  crystal  violet.  Numbers  below  plates  indicate  colony  numbers  (mean  ± 
SD)  in  three  independent  experiments,  (F)  Cells  were  plated  in  0.3%  soft  agar  and  cultured  for  2  weeks.  After  14  days,  colony  formation  was  scored 
microscopically.  MCF-tOJNeulRas  cells  expressing  GFP-Pinl  demonstrated  significant  increases  in  anchorage-independent  growth,  whereas 
dn-Pinl  overexpession  significantly  blocked  the  growth  of  MCP -WjNeufRas  cells.  *,  P  <  0.01,  t  test. 
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MCF-10A  cells  grew  normally  in  this  medium  (Fig.  6C).  These 
data  suggest  that  although  overexpression  of  Pinl  appeared  to 
be  insufficient  to  fully  transform  MCF-10A  cells,  it  might  trig¬ 
ger  some  early  events  of  cell  transformation. 

To  further  investigate  this  possibility,  we  performed  a  three- 
dimensional  cell  differentiation  assay  with  exogenous  base¬ 
ment  membrane  matrix  (Matrigel).  This  method  has  been  well 
established  to  assess  the  transformed  phenotype  of  mammary 
epithelial  cells,  especially  at  early  stages  of  tumorigenesis  (37, 
42).  We  found  that  GFP-expressing  cells  formed  acini  with 
basally  polarized  nuclear  organization,  intact  cell-cell  junc¬ 
tions,  and  visible  lumina  inside,  as  indicated  by  immunostain- 
ing  with  antibodies  against  the  cell-cell  junction  marker  E~ 
cadherin  and  with  the  DNA  dye  TOPRO-3,  followed  by 
confocal  microscopy  (Fig,  5C).  These  structures  are  known  as 
well-differentiated  acini  that  are  usually  observed  in  parental 
MCF-10A  cells  (37, 42),  indicating  that  expression  of  GFP  had 
no  effect  However,  expression  of  GFP-Pinl  had  a  dramatic 
effect  on  the  morphology  and  organization  of  acinar  formation. 
Colonies  formed  by  GFP-Pinl-expressing  cells  exhibited  dis¬ 
orders  in  nuclear  polarity  and  cell  arrangement  without  a  lu¬ 
men  inside,  disruption  of  basement  membrane,  and  impair¬ 
ment  in  cell-cell  junction  (Fig.  5B,  lower).  Furthermore,  GFP- 
Pinl  but  not  GFP-expressing  cells  had  cell  surface  spikes 
protruding  into  the  Matrigel  (Fig.  5C,  top).  Since  a  lack  of 
acinar  organization  is  a  specific  event  involved  in  progression 
towards  malignancy  (37),  these  results  suggest  that  Pinl  over¬ 
expression  can  induce  events  associated  with  early  stages  of 
mammary  tumorigenesis.  However,  additional  events  might  be 
needed  to  lead  to  the  full  transformation  of  mammary  epithe¬ 
lial  cells. 

Overexpression  of  PIN1  enhances  whereas  Inhibition  of 
PIN1  suppresses  transformed  phenotypes  of  mammary  epithe¬ 
lial  cells  induced  by  Neu  and  Ras,  It  is  also  well  established  that 
oncogenic  Neu/Ras  signaling  induces  cell  transformation  of 
mammary  epithelial  cells  via  upregulation  of  eyelin  D1  (26, 60). 
Given  that  PIN1  is  a  downstream  target  of  Neu/Ras  signaling 
and  regulates  cyclin  D1  function,  we  hypothesized  that  PIN1 
mediates  Neu/Ras  signaling  thorough  the  activation  of  cyclin 
D1  during  breast  cancer  formation. 

To  test  this  hypothesis,  we  first  examined  whether  manipu¬ 
lating  cellular  PIN1  function  affects  the  transformed  pheno¬ 
type  of  mammary  epithelial  cells  induced  by  Neu  and  Ras.  To 
address  this  question,  we  needed  to  establish  MCF-10A  cells 
stably  expressing  c -Neu  and  Ha-f&s  together  (MCF-10 /Neu/ 
Ras),  because  overexpression  of  both  Neu  and  Ha  -Ras  has 
been  shown  previously  to  induce  a  transformed  phenotype 
mimicking  the  malignancy  of  mammary  carcinomas  (16). 
MCF-10/Neu/Ras  cells  exhibited  elevated  levels  of  both  cyclin 
D1  and  Pinl  compared  with  parental  MCF-10A  cells  (Fig,  6A). 
These  results  are  consistent  with  the  findings  that  Neu/Ras 
signaling  increases  expression  of  cyclin  Dl,  as  shown  previously 
(26,  60),  and  of  Pinl,  as  shown  above. 

Morphologically,  MCF-10/Neu/Ras  cells  demonstrated  a 
higher  nuclear/cytoplasmic  ratio  and  multiple  nucleoli,  which  is 
consistent  with  their  higher  proliferation  rate,  than  the  paren¬ 
tal  MCF-10A  cells  (Fig,  6B).  These  cells  were  able  to  grow  in 
DMEM  supplemented  with  a  high  concentration  of  fetal  calf 
serum  (10%)  or  even  with  low  serum  (0.1%)  (Fig.  6C  and  D), 
as  well  as  in  soft  agar  (Fig.  6F),  These  results  indicate  that 


MCF-10/Neu/Ras  cells  display  various  transformed  pheno¬ 
types,  as  reported  previously  (16), 

With  this  cell  line,  we  investigated  whether  upregulation  or 
downregulation  of  Pinl  affects  the  transformed  phenotypes.  To 
inhibit  cellular  Pinl  function,  we  used  a  Pinl  WW  domain 
construct,  which  contains  an  Ala  substitution  at  Serl6.  This 
construct  has  been  shown  to  inhibit  endogenous  Pinl  interac¬ 
tion  with  target  substrates,  thereby  functioning  as  a  dominant¬ 
negative  PIN1  (dn-PINl)  (33),  Given  that  excessive  overex¬ 
pression  of  PIN 1  or  dn-PINJ  blocks  cell  cycle  progression  (3, 
33),  we  used  rather  low  concentrations  of  expression  constructs 
after  a  series  of  pretests.  MCF-10 /Neu/Ras  cells  were  trans¬ 
fected  with  GFP-Pinl,  GFP-dnPinl,  or  control  GFP,  followed 
by  selection  with  puromycin.  The  transfection  efficiencies  and 
expression  levels  of  three  different  constructs  were  comparable 
in  each  set  of  transfectants,  as  confirmed  by  scoring  GFP- 
fluorescent  cells  under  a  microscope  or  by  immunoblotting 
analysis  with  anti-GFP  antibodies  (Fig.  7A  and  data  not 
shown).  Compared  with  parental  and  GFP-expressing  cells, 
GFP-Pinl-expressing  cells  exhibited  a  higher  nuclear/cytoplas¬ 
mic  ratio,  with  disorganized  cell  arrangements  (Fig.  6B).  In 
contrast,  GFP-dnPinl-expressing  cells  exhibited  large  and  vac¬ 
uolar  morphology  with  higher  density  of  cytoplasmic  speckles, 
similar  to  those  of  parental  MCF-10A  cells  (Fig.  6B),  These 
morphological  changes  suggest  that  expression  of  GFP-Pinl 
and  GFP-dnPinl  might  affect  the  transformed  phenotypes  of 
these  cells. 

To  examine  this  possibility,  we  next  examined  the  cell  pro¬ 
liferation  rate  in  high-serum  (10%)  and  low-serum  (0.1%) 
medium.  Compared  with  GFP  control  cells,  GFP-Pinl-ex- 
pressing  cells  grew  faster,  whereas  dn-P/ATi-expressing  cells 
grew  much  more  slowly  in  10%  serum  medium  (Fig.  6C), 
Furthermore,  GFP-expressing  control  cells  grew  even  in  low 
serum  (Fig.  6D),  consistent  with  the  fact  that  MCF-10 /Neu/Ras 
transformed  cells  have  lost  the  cell  cycle  checkpoint  induced  by 
a  low  concentration  of  growth  factors,  as  shown  previously  (8, 
16),  More  interestingly,  GFP-Pinl-expressing  cells  continued 
to  grow  linearly  even  when  the  growth  of  GFP-transfected  cells 
was  retarded  in  low-serum  medium  after  48  h  (Fig,  6D).  In 
contrast,  dn-P/JVI-expressing  cells  could  not  grow  under  low- 
serum  conditions  (Fig.  6D),  These  results  suggest  that  overex¬ 
pression  of  Pinl  increases  cell  proliferation  and  transformed 
phenotypes  of  MCF-10/Neu/Ras  cells,  whereas  inhibition  of 
Pinl  reverses  these  phenotypes. 

To  further  support  this  observation,  we  investigated  the 
long-term  cell  proliferation  and  transformation  properties  of 
these  cells  by  performing  colony  formation  assays  on  plastic 
plates  and  in  soft  agar.  Consistent  with  the  short-term  cell 
growth  study,  expression  of  GFP-Pinl  increased  colony  forma¬ 
tion,  doubling  the  number  of  colonies  compared  with  GFP 
control  cells,  both  on  plastic  plates  and  in  soft  agar  (Fig,  6E 
and  F).  Furthermore,  individual  colonies  were  much  larger 
(Fig,  6E).  In  contrast,  dn-PINl  overexpression  dramatically 
inhibited  colony  formation;  these  cells  produced  very  tiny  col¬ 
onies  on  plastic  plates,  and  colony  formation  in  soft  agar  was 
almost  completely  inhibited  (Fig.  6E  and  F).  Similar  inhibitory 
effects  were  also  seen  with  inhibition  of  Pinl  via  expression  of 
an  antisense  PIN1  construct  (data  not  shown),  which  has  been 
shown  to  deplete  endogenous  Pinl  proteins  (30, 44, 48),  These 
results  indicate  that  overexpression  of  Pinl  enhances  Neu/Ras - 
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FIG.  7.  Pinl  inhibition  is  complemented  by  overexpression  of  a  constitutively  active  cyclin  Dl.  (A)  Pinl  is  essential  to  maintain  cyclin  D1  level 
and  activity  in  IVew/ito-transformed  MCF- 10  cells.  UCF-lOfNeufRas  cells  transfected  with  either  GFP,  GFP-Pinl,  or  GFP-dnPInl  were  lysed  and 
immunoblotted  with  anti-cyclin  Dl,  -tubulin,  and  -GFP  antibodies.  (B)  The  same  cell  lysates  as  in  panel  A  were  immunoprecipitated  with 
anti-cyclin  Dl  antibodies,  followed  by  the  In  vitro  kinase  assay  with  GST-pRB  as  a  substrate.  Phosphorylation  of  the  GST-pRB  substrate  is  shown 
m  the  upper  panel.  The  lower  panel  shows  input  GST-pRB  stained  with  Coomassie  blue.  (C)  MCF-10 fNeufRas  cells  were  transfected  with  either 
dnPinl  and  pCDNA  vector  or  dnPinl  and  the  cyclin  D1T2S6A  mutant  (1:10  ratio)  and  selected  with  puromycin  for  48  h.  Cells  were  subjected  to 
immunoblotting  analysis  with  anti-HA  and  anti-GFP  antibodies.  (D)  Cells  were  transfected  as  described  for  C  and  seeded  on  plastic  plates  for  3 
weeks.  Cells  were  fixed  and  stained  with  crystal  violet.  (E  and  F)  Cells  were  transfected  as  described  for  panel  C  and  cultured  in  0.3%  soft  agar 
for  3  weeks.  The  number  of  colonies  formed  was  scored.  Representative  phase  pictures  are  shown  in  panel  E.  Colony  numbers  are  the  mean  ± 
SD  of  three  Independent  experiments  (F). 


induced  cell  proliferation  and  transformation,  whereas  the  in¬ 
hibition  of  Pinl  reverses  the  cell  proliferation  and  transformed 
properties  induced  by  Neu  and  Ras. 

PIN1  affects  Neu /Ras -induced  cell  transformation  of  mam¬ 


mary  epithelial  cells  via  cyclin  Dl*  Cyclin  Dl  is  an  essential 
downstream  target  of  Neu f Ras -induced  mammary  tumorigen- 
esis  (26, 60).  Furthermore,  PIN1  positively  regulates  cyclin  Dl 
function  via  transcriptional  activation  as  well  as  posttransla- 
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tlonal  stabilization  (29,  44, 58),  These  results  suggest  that  PIN1 
might  affect  iVew/ifos-induced  cell  transformation  via  cyclin  Dl. 
To  examine  this  possibility,  we  assayed  levels  of  cyclin  Dl  and 
its  associated  kinase  activity.  Consistent  with  phenotypic 
changes  as  described  above,  levels  of  cyclin  Dl  and  its  associ¬ 
ated  cyclin-dependent  kinase  activity  were  enhanced  in  cells 
expressing  GFP-Pinl  compared  to  GFP-expressing  cells  (Fig. 
7 A  and  B),  In  contrast,  both  the  cyclin  Dl  level  and  its  kinase 
activity  were  substantially  lowered  by  the  overexpression  of 
dn-PINl  (Fig.  7 A  and  B),  These  results  indicate  that  overex¬ 
pression  of  Pinl  enhances  but  inhibition  of  Pinl  strongly  in¬ 
hibits  cyclin  Dl  expression  and  function  in  Neu/Ras-trms- 
formed  MCF-10A  cells,  consistent  with  the  notion  that  Pinl 
affects  Neu/Ras-indnccd  cell  transformation  via  cyelin  Dl. 

If  this  Is  the  case,  overexpression  of  a  constitutively  active 
cyclin  Dl  mutant  (cyclin  mT2B6A%  which  cannot  bind  Pinl  and 
is  refractory  to  Pinl  inhibition  (29),  should  rescue  the  trans¬ 
formed  phenotypes  that  are  inhibited  by  dn -PINL  This  exper¬ 
iment  is  also  Important  in  addressing  whether  suppression  of 
transformed  phenotypes  by  Pinl  inhibition  is  specifically  due  to 
inhibition  of  cyclin  Dl  or  simply  due  to  induction  of  cell  apo¬ 
ptosis.  We  cotransfected  MCF-1Q /Neu/Ras  cells  with  GFP-dn- 
PIN1  and  hemagglutinin  (HA)-cyclin  D1T2S6A  or  control  vec¬ 
tor  pCDNA  at  a  1:10  ratio  and  selected  transfected  cells  with 
puromycin,  Immunostaining  with  anti-HA  antibody  confirmed 
that  almost  all  HA-cycIin  DlT2S6A-positive  cells  expressed 
GFP-dnPinl  (data  not  shown),  which  was  also  confirmed  by 
immunoblotting  analysis  of  GFP-dnPinl  with  anti-GFP  anti¬ 
bodies  and  of  HA-cycIin  D1T2S6A  with  anti-HA  antibodies 
(Fig.  7C). 

MCF-10 /Neu/Ras  cells  cotransfected  with  dn-PINl  and 
pCDNA  vector  failed  to  form  foci  on  plastic  plates  and  colo¬ 
nies  in  soft  agar  (Fig,  7D  to  F),  confirming  that  Inhibition  of 
Pinl  suppresses  the  transformed  phenotypes  induced  by  Neu 
and  Ras  (Fig.  6).  Importantly,  MCF-10 /Neu/Ras  cells  express¬ 
ing  both  dn-PINl  and  cyclin  D1T286A  formed  many  foci  on 
plastic  plates  (Fig.  7D),  Moreover,  these  cells  even  displayed 
anchorage-independent  cell  growth  to  form  colonies  in  soft 
agar  to  the  same  extent,  like  MCF-10/Neu/Ras  cells  (Fig.  7E 
and  F  versus  Fig.  6F).  These  results  show  that  overexpression 
of  a  constitutively  active  cyclin  Dl  mutant  can  reverse  the 
ability  of  Pinl  inhibition  to  suppress  the  Neu-  and  fto-induced 
transformed  phenotypes,  further  indicating  that  Pinl  affects 
Neu/Ras- induced  cell  transformation  via  cyclin  Dl. 

DISCUSSION 

In  this  report,  we  have  demonstrated  that  Pinl  expression  is 
regulated  by  the  transcription  factor  E2F,  which  is  enhanced  by 
oncogenic  Neu  or  Ras,  Furthermore,  overexpression  of  Pinl 
alone  is  sufficient  to  induce  normal  mammary  epithelial  cells  to 
display  several  transformed  properties  that  have  been  shown  to 
be  present  in  the  early  stages  of  tumorigenesis.  Importantly, 
overexpression  of  Pinl  enhances  the  transformed  phenotypes 
of  mammary  epithelial  cells  induced  by  Neu  and  Ras.  In  con¬ 
trast,  inhibition  of  Pinl  suppresses  the  Neu-  and  ^-induced 
transformed  phenotypes,  which  can  be  fully  rescued  by  over¬ 
expression  of  a  constitutively  active  cyclin  Dl  mutant  that  is 
refractory  to  Pinl  inhibition.  This  is  the  first  demonstration 
that  PIN!  is  an  E2F  downstream  target  gene  and  that  PIN1 
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FIG,  8,  Schematic  models  for  Pinl  transcriptional  regulation  and 
its  role  in  regulation  of  cyclin  Dl  by  NeulRas  signaling.  (A)  Oncogenic 
Neu-Ras  signaling  transactivates  the  PIN1  promoter  through  E2F  ac¬ 
tivity.  (B)  PIN1  is  a  downstream  target  of  oncogenic  NeulRas  signaling 
and  is  essential  for  Aew/P^-induced  cyclin  Dl  activation  and  cell 
transformation.  PIN1  upregulated  by  NeulRas  signaling  enhances 
f-eatenin  and  c-Jun  signaling  to  transactivate  the  cyclin  Dl  gene. 
Furthermore,  Pinl  binds  directly  to  cyclin  Dl  and  stabilizes  it  via  a 
posttranslationa!  mechanism.  It  is  possible  that  cyclin  Dl  also  regulates 
Pinl  expression  via  E2F  in  a  positive  feedback  loop. 


plays  an  essential  role  in  Neu/Ras-m  duced  mammary  tumori¬ 
genesis  via  cyclin  Dl. 

Pinl  as  an  E2F  downstream  target  gene.  The  following  re¬ 
sults  indicate  that  the  transcription  factor  E2F  plays  a  critical 
role  in  regulation  of  Pinl  expression  (Fig,  8A).  First,  E2F 
family  proteins  activated  the  PIN!  promoter  specifically 
through  the  E2F  binding  sites.  Second,  E2F  bound  the  PIN! 
promoter  in  vitro  and  in  vivo.  Third,  the  levels  of  E2F  binding 
to  the  PIN1  promoter  correlated  with  the  levels  of  Pinl  ex¬ 
pression  in  breast  cancer  cell  lines.  Fourth,  PIN1  gene  expres¬ 
sion  in  normal  cells  was  regulated  in  a  cell  cycle-dependent 
manner,  as  is  the  case  for  other  E2F  target  genes  (14,  39-41). 
Finally,  overexpression  of  E2F  enhanced  PIN1  promoter  ac¬ 
tivity  and  mRNA  levels  in  breast  cancer  cells. 

Interestingly,  E2F1  has  been  found  to  be  a  good  prognostic 
or  predictive  marker  of  breast  cancer  because  the  E2F1  index 
significantly  correlates  with  histological  grade,  stage,  and  met¬ 
astatic  status  of  breast  tumors  (61).  Similarly,  Pinl  expression 
is  correlated  with  the  histological  grade  of  breast  cancer  (58). 
These  results  indicate  that  deregulation  of  E2F  may  play  a  key 
role  in  the  upregulation  of  Pinl  in  breast  cancer.  Since  dereg¬ 
ulation  of  the  Rb/E2F  pathway  is  also  found  in  many  other 
cancer  types  and  contributes  to  the  oncogenesis  of  a  number  of 
human  cancers  (18, 35, 39, 53, 56),  deregulation  of  the  Rb/E2F 
pathway  may  also  contribute  to  Pinl  overexpression  in  other 
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cancer  cells.  Further  experiments  are  needed  to  examine  the 
role  of  E2F  in  regulating  Pinl  expression  in  other  cancers. 

Significance  of  Pinl  overexpression  In  cell  transformation. 
We  report  here  for  the  first  time  that  overexpression  of  Pinl 
can  play  an  important  role  in  the  transformation  of  mammary 
epithelial  cells.  Phosphorylation  of  proteins  on  Ser/Thr-Pro  is 
a  key  regulatory  mechanism  in  controlling  cell  proliferation 
and  transformation  (2, 18, 22, 63).  The  conformation  and  func¬ 
tion  of  many  phosphorylated  proteins  are  regulated  by  the 
phosphorylation-specific  prolyl  isomerase  Pinl  (31).  Interest¬ 
ingly,  Pinl  is  highly  overexpressed  in  many  human  cancer  tis¬ 
sues,  including  breast  cancer  cells,  but  its  significance  in  cell 
transformation  is  largely  unknown  (44,  58).  We  have  now 
found  that  overexpression  of  Pinl  conferred  an  anchorage- 
independent  cell  growth  phenotype  on  normal  mammary  epi¬ 
thelial  cells,  although  the  colony  size  and  frequency  of  Pinl- 
overexpressing  cells  were  smaller  and  lower  than  those  of  NeuJ 
^as-transformed  cells.  In  addition,  Pinl-expressing  cell  lines 
failed  to  grow  in  10%  fetal  bovine  serum,  in  contrast  to  NeuJ 
^as-transformed  cells. 

These  data  suggest  that  overexpression  of  Pinl  might  trigger 
some  early  events  during  cell  transformation.  This  was  further 
supported  by  a  three-dimensional  Matrigel  assay,  which  has 
been  well  established  to  assess  the  transformed  phenotype  of 
mammary  epithelial  cells,  especially  at  early  stages  of  tumori- 
genesis  (37,  42).  Indeed,  expression  of  Pinl  had  a  dramatic 
effect  on  the  morphology  and  organization  of  acinar  formation. 
These  cells  exhibited  the  disorder  in  the  nuclear  polarity  and 
cell  arrangement  without  a  lumen  inside,  disruption  of  the 
basement  membrane,  and  impairment  in  cell-cell  junction. 
Furthermore,  Pinl-expressing  cells  had  cell  surface  spikes  that 
protruded  into  the  Matrigel.  These  results  indicate  that  over¬ 
expression  of  Pinl  might  disrupt  normal  differentiation  in 
mammary  epithelial  cells.  Since  the  lack  of  acinar  organization 
and  the  presence  of  cell  surface  spikes  have  been  suggested  to 
be  specific  events  in  progression  towards  malignancy  (16,  37), 
these  results  suggest  that  Pinl  overexpression  can  induce 
events  associated  with  the  early  stages  of  mammary  tumori- 
genesis. 

Essential  role  of  Pinl  for  the  Neu/Ras- induced  transforma¬ 
tion  of  mammary  epithelial  cells.  Our  exciting  observation  was 
that  Pinl  plays  an  essential  role  in  the  transformation  of  mam¬ 
mary  epithelial  cells  by  Ras  and  Neu  via  activation  of  eyclin  Dl. 
Various  studies  have  revealed  that  Neu  or  Ras  signaling  is 
deregulated  in  many  breast  cancers,  although  mutations  and 
amplifications  of  these  genes  were  rarely  observed  (3,  19,  50, 
54).  Furthermore,  transgenic  overexpression  of  MMTV-Ha- 
Ras  or  MMTV-c-Neu  potently  induces  mammary  tumors  via 
eyclin  Dl.  However,  transgenic  overexpression  of  MMTV-cy- 
clin  Dl  has  much  weaker  tumorigenicity  (36,  49,  55).  In  addi¬ 
tion,  constitutive  overexpression  of  eyclin  Dl  alone  cannot 
transform  MCF-10A  cells,  nor  is  it  sufficient  to  prevent  Gt 
arrest  induced  by  EGF  deprivation  (7).  These  discrepancies 
could  be  explained  by  the  findings  that  eyclin  Dl  is  regulated 
not  only  by  transcriptional  activation  but  also  by  posttransla- 
tionai  stabilization. 

Phosphorylation  of  eyclin  Dl  on  the  Thr286-Pro  site  by 
GSK-3p  enhances  Its  nuclear  export  and  subsequent  degrada¬ 
tion  (2,  9,  10).  In  fact,  EGF  deprivation  results  in  a  rapid 
degradation  of  eyclin  Dl  in  MCF-10A  cells  constitutively  over¬ 


expressing  eyclin  Dl  (7).  In  contrast  to  wild-type  eyclin  Dl, 
mutant  eyclin  D1T2S6A  is  stable  and  functions  as  a  constitu¬ 
tively  active  mutant  which  can  potently  transform  mammary 
epithelial  cells  (2).  These  results  suggest  that  both  transcrip¬ 
tional  activation  and  posttranslational  stabilization  of  eyclin 
Dl  are  critical  for  tumor  development  induced  by  Neu/Ras 
signaling.  Interestingly,  we  have  previously  shown  that  by  bind¬ 
ing  and  isomerizing  specific  pSer/Thr-Pro  motifs,  Pinl  coop¬ 
erates  with  Ras-JNK-c-Jun  and  the  wnt-p-catenin-TCF  path¬ 
ways  to  enhance  eyclin  Dl  expression  (44,  58).  Furthermore 
Pinl  can  also  enhance  the  stability  and  nuclear  localization  of 
eyclin  Dl  by  directly  binding  and  presumably  isomerizing  the 
phosphorylated  Thr286-Pro  motif  (29).  Therefore,  Pinl  posi¬ 
tively  regulates  the  function  of  eyclin  Dl  both  at  the  transcrip¬ 
tional  level  and  via  posttranslational  stabilization,  resulting  in 
the  transformation  of  mammary  epithelial  cells. 

Our  studies  have  demonstrated  that  Neu/Ras  signaling  can 
activate  expression  of  Pinl  and  that  overexpression  of  Pinl  in 
Neu/Ras-&xpressmg  mammary  epithelial  cells  enhances  their 
transformed  phenotypes.  In  contrast,  inhibition  of  Pinl  by  a 
dominant-negative  mutant  or  an  antisense  construct  dramati¬ 
cally  reduced  both  cell  proliferation  and  the  transformed  phe¬ 
notypes  of  these  cells.  Importantly,  this  inhibitory  effect  by 
Pinl  inhibition  was  rescued  by  overexpression  of  a  eyclin  Dl- 
T286A  mutant,  which  is  refractory  to  Pinl  inhibition  (29). 
These  results  suggest  a  model  in  which  Neu/Ras  signaling  can 
activate  expression  of  Pinl,  which  in  turn  enhances  the  expres¬ 
sion  and  stability  of  eyclin  Dl,  eventually  leading  to  cell  pro¬ 
liferation  and  transformation  (Fig.  8B). 

It  appears  that  upregulation  of  Pinl  does  not  precede  eyclin 
Dl  upregulation  during  cell  cycle  reentry  of  normal  MEFs. 
However,  deletion  of  the  PIN1  gene  results  in  a  significant 
decrease  in  both  eyclin  Dl  mRNA  and  protein  levels  in  MEFs 
and  also  causes  phenotypes  in  mice  resembling  those  of  eyclin 
Dl  null  mice  (29),  indicating  an  important  role  of  PIN1  in 
regulating  eyclin  Dl  function  in  normal  conditions.  Therefore, 
it  is  possible  that  eyclin  Dl  regulates  PIN1  expression  via  E2F 
in  a  positive  feedback  loop  (Fig.  8B).  This  might  provide  an 
explanation  for  why  oncogenic  Ras  or  Neu  is  more  potent  than 
eyclin  Dl.  Therefore,  PIN!  might  be  a  key  player  in  modulat¬ 
ing  upregulation  of  eyclin  Dl  by  Neu  and  Ras  oncogenic  sig¬ 
naling. 

In  summary,  our  results  provide  the  first  evidence  for  a 
requirement  for  appropriate  regulation  of  PIN. 1  gene  expres¬ 
sion  in  transformation  of  mammary  epithelial  cells  induced  by 
Neu  and  Ras ,  PIN1  is  upregulated  by  Neu  and  Ras  via  E2F. 
Furthermore,  overexpression  of  PIN1  not  only  can  confer 
transformed  properties  on  normal  mammary  epithelial  cells 
but  also  can  enhance  the  transformed  phenotypes  induced  by 
Neu  and  Ras ,  Finally,  inhibition  of  PIN1  suppresses  Neu-  and 
Ras- induced  transformed  phenotypes  via  eyclin  Dl,  These  re¬ 
sults  indicate  that  overexpression  of  PIN1  in  human  cancer 
cells  would  help  promote  tumor  cell  growth  and  also  suggest 
that  PIN1  inhibitors  could  be  useful  for  anticancer  therapies. 
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Phosphorylation  of  proteins  on  serine/threonine  residues  preceding 
proline  is  a  key  signaling  mechanism.  The  conformation  and  function 
of  a  subset  of  these  phosphorylated  proteins  is  regulated  by  the  prolyl 
isomerase  Pinl  through  isomerization  of  phosphorylated  Ser/Thr-Pro 
bonds.  Although  young  Pin1-/~  mice  have  been  previously  shown  to 
develop  normally,  we  show  here  that  they  displayed  a  range  of 
cell-proliferative  abnormalities,  including  decreased  body  weight  and 
testicular  and  retinal  atrophies.  Furthermore,  in  Pinl adult  fe¬ 
males,  the  breast  epithelial  compartment  failed  to  undergo  the 
massive  proliferative  changes  associated  with  pregnancy.  Interest¬ 
ingly,  many  of  these  Pint-deficient  phenotypes  such  as  retinal  hy¬ 
poplasia  and  mammary  gland  impairment  are  also  the  characteristic 
of  cydin  Di-deficient  mice.  Cydin  D1  levels  were  significantly  reduced 
in  many  tissues  in  Pint-deficient  mice,  including  retina  and  breast 
epithelial  cells  from  pregnant  mice.  Moreover,  Pint  directly  bound  to 
cyclin  D1  phosphorylated  on  Thr-286-Pro  increased  cydin  D1  in  the 
nucleus  and  stabilized  cydin  D1.  These  results  indicate  that  Pint 
positively  regulates  cyclin  D1  function  at  the  transcriptional  level,  as 
demonstrated  previously,  and  also  through  posttranslational  stabili¬ 
zation,  which  together  explain  why  Pint  ioss-of-function  phenotypes 
in  the  mouse  resemble  cyclin  Dl-null  phenotypes.  Our  results  provide 
genetic  evidence  for  an  essential  role  of  Pint  in  maintaining  cell 
proliferation  and  regulating  cyclin  D1  function, 

Phosphorylation  of  proteins  on  serine/threonine  residues  pre¬ 
ceding  proline  (pSer/Thr-Pro)  is  a  key  regulatory  mechanism 
for  the  control  of  various  cellular  processes,  including  cell  division 
and  transcription  (for  reviews  see  refs,  1-3),  The  pSer/Thr-Pro 
moiety  in  peptides  and  proteins  exists  in  two  distinct  els  and  tram 
conformations,  whose  conversion  is  catalyzed  specifically  by  Pinl 
(4, 5).  Pinl  is  a  cis/trans  peptidyl-prolyl  isomerase  that  acts  only  on 
phosphorylated  Ser/Thr-Pro  bonds  (6-8).  In  addition,  Pinl  con¬ 
tains  an  N-terminal  WW  domain,  which  functions  as  a  phosphor¬ 
ylated  Ser/Thr-Pro  binding  module  (9, 10).  This  phosphorylation- 
dependent  interaction  targets  Pinl  to  a  defined  subset  of 
phosphorylated  substrates  facilitating  conformational  changes  in 
phosphorylated  proteins,  thereby  regulating  their  biological  func¬ 
tion  (7,  11-20).  Thus,  Pin  1-dependent  prolyl  isomerization  is  an 
essential  and  novel  postphosphorylation  regulatory  mechanism. 

Given  its  phosphorylated  Ser/Thr-Pro  substrate  specificity,  Pinl 
has  also  been  shown  to  be  essential  for  maximal  cell  growth  in 
different  systems  (4, 5).  Interestingly,  we  have  recently  found  that 
Pinl  is  strikingly  overexpressed  in  most  human  breast  cancer  tissues 
(21,  22).  Pinl  levels  are  correlated  with  cyclin  D1  m]RNA  and 
protein  levels  in  human  cancer  tissues.  Moreover,  Pinl  can  activate 
the  cyclin  D1  promoter  in  cell  lines  via  binding  phosphorylated 
c-Jun  and  /3-catenin  and  increasing  their  transcriptional  activity  (21, 
22).  These  results  suggest  that  Pinl  may  play  an  important  role  in 
regulation  of  cyclin  D1  expression  and  also  contribute  to  neoplastic 
transformation.  Interestingly,  disruption  of  cydin  D1  results  in 
several  prominent  phenotypes,  including  retinal  degeneration  and 
mammary  gland  impairment  (23,  24).  However,  disruption  of  the 
Pinl  gene  in  mice  has  been  previously  reported  to  develop  normally 


(25).  Therefore,  the  genetic  connection  between  Pinl  and  cyclin  D1 
remains  to  be  established.  Furthermore,  although  turnover  and 
subceliular  localization  of  cyclin  D1  is  regulated  by  phosphorylation 
on  Thr-286-Pro  motif  by  GSK-3/3  (26-28),  it  is  unknown  whether 
it  is  further  regulated  after  phosphorylation. 

Here,  we  found  a  range  of  cell-proliferative  abnormalities,  in¬ 
cluding  decreased  body  weight  and  testicular  and  retinal  atrophies. 
Interestingly,  some  of  these  phenotypes  are  also  characteristic  of 
cydin  Dl-deficient  mutant  mice.  In  addition,  we  found  that  Pinl 
directly  bound  to  and  stabilized  cyclin  D1  in  nucleus,  indicating  that 
Pinl  regulates  stability  and  subceliular  localization  of  cyclin  Dl,  in 
addition  to  the  transcriptional  regulation  of  the  cyclin  Dl  gene  we 
reported  previously  (21,  22).  This  study  provides  direct  evidence 
that  Pinl  plays  a  critical  role  in  the  regulation  of  cyclin  Dl  and 
suggests  a  novel  mechanism  for  regulating  cyclin  Dl  function. 

Materials  and  Methods 

immunohistochemical  Analysis.  For  immunohistochemical  analysis, 
both  age-matched  wild-type  and  knockout  mice  tissues  were  per¬ 
fused  and  fixed  by  using  Bourn’s  fixation  solution.  The  immuno- 
stainingwas  carried  out  as  described  (13).  Briefly,  the  fixed  tissues 
were  embedded  in  paraffin  and  sectioned  at  6  jxm.  The  dissected 
sections  were  deparaffinized  in  xylene,  hydrated  through  an  alcohol 
series  from  100  to  50%.  To  inhibit  endogenous  peroxidase,  sections 
were  treated  with  H2O2.  Antigen  recapture  was  done  by  boiling 
slides  in  IX  antigen  retrieval  Citra  (Biogenex  Laboratories,  San 
Ramon,  CA).  Primary  antibody  incubations  were  performed  over¬ 
night  at  4°C  in  a  humidified  chamber.  Affinity-purified  anti-Pinl 
antibodies  were  as  described  (13),  and  polyclonal  cyclin  Dl  anti¬ 
bodies  were  raised  against  a  C-terminal  peptide  and  purified  by 
using  the  antigen  peptide,  as  described  (13).  For  the  cyclin  Dl 
control  slides,  cyclin  Dl  primary  antibody  was  incubated  with  the 
excess  antigenic  peptide  for  2  h  before  use.  Immunohistochemical 
analysis  and  DAB  staining  were  performed  by  using  a  Vectastain 
ABC  kit  (Vector  Laboratories)  as  described  (21,  22). 

Mammary  Gland  Whole  Mounts.  To  examine  the  development  of 
the  mammary  epithelium  during  pregnancy,  the  no.  4  mammary 
glands  of  nulliparous  and  1-day  postpartum  wild-type  and 
Pinl_/“  mice  were  dissected,  spread  onto  a  glass  slide,  and  fixed 
overnight  in  6:3:1  methanol:chloroform:acetic  acid  buffer.  The 
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fixed  glands  were  washed  by  using  70%  alcohol  with  several 
changes,  then  defatted  with  acetone  once  or  twice  for  2  h  each. 
The  glands  were  stained  overnight  in  0.2%  carmine  red  (Sigma) 
and  0.5%  AIK(S04)2,  dehydrated  in  graded  ethanol  solutions, 
followed  by  clearing  in  toluene  and  methyl  salicylate.  Photos 
were  taken  by  using  a  dissecting  microscope  (23,  29). 

Glutathione  5-Transferase  (GST)-PulI  Down  Assay.  HeLa  cells  were 
transiently  transfected  either  hemagglutinin  (HA)-tagged  cyclin 
Dl-wild  type  or  HA-tagged  cyclin  Dl128^  mutant  for  24  h.  Cell 
lysates  were  incubated  with  20  p,l  of  agarose  beads  containing 
GST-Pinl  or  GST  for  2  h  at  4°C  as  described  (22).  The  precipitated 
proteins  were  washed  three  times  in  wash  buffer  containing  1% 
Triton  X-100  and  subjected  to  SDS/PAGE,  as  described  (11), 

Pulse-Chase  Analysis,  Primary  embryonic  fibroblasts  were  pre¬ 
pared  from  14.5 -day  embryos.  MEF  cells  were  grown  in  60-mm 
dishes  to  60%  confluence  in  normal  growth  medium.  Cells  were 
transfected  with  HA-cyclin  D1  and  CDK4  by  using  Effectene 
(Qiagen,  Chatsworth,  CA).  After  16  h  of  transfection,  cells  were 
washed  twice  with  Hanks*  balanced  salt  solution  and  pulse- 
labeled  for  40  min  in  1  ml  of  methionine-  and  glutamine-free 
MEM  (GIBCO/BRL)  supplemented  with  4  mM  glutamine/ 
10%  dialyzed  FCS/100  p,Ci  of  [35S] methionine,  as  described  (22, 
26),  Labeled  cells  were  washed  twice  with  Hanks*  balanced  salt 
solution  and  rinsed  with  normal  growth  medium.  Cells  were 
harvested  at  various  time  points  and  subjected  to  immunopre- 
dpitation  with  the  12CA5  monoclonal  antibody. 

Expression  and  Localization  of  Cyclin  D1  in  MFE  Cells,  Exponentially 
growing  Pinl“/_  or  wild-type  MEF  cells  were  placed  on  glass  plates 
and  stained  with  anti-cyclin  D1  polyclonal  antibody  (Santa  Cruz 
Biotechnology),  Total  DNA  was  visualized  with  4',6-iamidino-2- 
phenylindole  (DAPI)  staining  followed  by  the  fluorescent  micro¬ 
scopic  analysis  as  described  (22,  28),  For  localization  experiment, 
Pinl"/_  MEF  cells  transfected  with  either  GFP  or  GFP-Pinl  were 
arrested  in  Go  by  serum  deprivation  and  contact  inhibition,  and 
then  cells  were  fixed  with  3.7%  formaldehyde  at  18  h  after  serum 
addition.  Subcellular  localization  of  cyclin  D1  was  determined  by 
staining  with  cyclin  D1  antibodies  and  DAPI  as  described  above. 

Preparation  of  Nuclear  Extracts.  A  nuclear  fraction  was  prepared  as 
described  (22).  Briefly,  cells  were  washed  with  PBS  and  resus¬ 
pended  in  hypotonic  solution  (10  mM  Hepes,  pH  7,8/10  mM 
KCI/2  mM  MgCl2/l  mM  DTT/0,1  mM  EDTA  supplemented 
with  protease  inhibitors).  After  10  min  at  4°C,  Nonidet  P-40  was 
added  to  1%;  the  cells  were  centrifuged  for  1  min,  and  the 
nuclear  pellet  was  briefly  washed  with  hypotonic  buffer  and 
resuspended  in  SDS  sample  buffer. 

Results 

Phenotype  of  Pin1~/_  Mice.  By  careful  analysis  of  Pinl“/_  mice 
generated  previously  (25),  we  found  that  they  remarkably  dis¬ 
played  a  range  of  abnormalities,  including  decreased  body 
weight,  testicular  atrophy,  retinal  degeneration,  and  mammary 
gland  proliferative  impairment.  From  birth  to  »3  months, 
Pinl_/“  mice  were  indistinguishable  from  their  wild-type  con¬ 
trols,  but  adult  Pinl_/~  mice  appeared  smaller  than  wild-type 
controls  (Fig,  1 A  and  B).  At  the  age  of  ~7  months,  the  body 
weight  of  Pinl-/”  mice  was  significantly  smaller  for  both  male 
and  female  animals,  with  the  average  weight  being  only  71%  of 
that  of  Pinl+/+  mice  (Fig.  1 A  and  B), 

Effects  on  Seminiferous  Tubules,  Although  Pinl-/~  female  and  male 
mice  were  fertile,  the  fact  that  the  success  rate  of  homozygous  cross 
breeding  was  much  lower  or  took  much  longer  than  that  of 
wild-type  or  heterozygous  mice  led  us  to  suspect  that  Pinl_/"  mice 
might  develop  fertility  problems.  To  determine  whether  Pint 


Fig.  1.  Reduced  body  weight  and  testicular  atrophy  in  Pinl  mice,  (A  and 
8}  Reduced  body  weight  Representative  adult  wild-type  mouse  (Left)  and 
Pint"'-  mouse  (Right)  are  shown  in  A,  A  comparison  of  body  weight  of  10 
wild-type  and  Pm1~/_  mutant  male  and  female  mice  at  ~3.5  and  ~7  months 
is  shown  in  B.  (tand  D) Testicular  atrophy,  as  Indicated  by  representative  testis 
from  wild-type  or  Pinl-'-  mouse  at  ~3.5  months  old  (Q  or  by  histopatholog- 
ical  comparison  (D).  Testicular  sections  obtained  from  «3.5-  and  ~  16-month- 
old  mice  were  stained  with  hematoxylin  and  eosin. 

affects  sexual  maturation,  we  first  examined  the  development  of  the 
ovary  and  testis.  Ovarian  tissues  lacking  Pinl  appeared  to  have 
normal  morphology  and  histology.  On  the  other  hand,  all  autopsied 
Pinl~/_  males  had  testicular  atrophy.  By  3-5  months  of  age,  the 
average  weight  of  six  Pinl"/_  testes  was  only  56%  of  that  of 
wild-type  controls  (Fig.  1C,  data  not  shown).  Moreover,  this  striking 
weight  difference  of  tests  was  not  due  to  the  smaller  body  weight 
because  Pinl"/_  males  were  not  significantly  smaller  than  the 
wild-type  controls  at  this  age  (Fig.  IB).  Histological  examination 
revealed  that  the  seminiferous-tubule  degeneration  could  be  de¬ 
tected  at  the  age  of  ^3,5  months  old  (Fig.  ID).  By  «15  months  and 
even  more  pronounced  by  18  months  old,  the  seminiferous  tubules 
in  Pinl_/“  mice  degenerated,  with  basically  no  mature  sperm  in  the 
lumen,  whereas  age-matched  wild-type  mice  exhibited  healthy 
seminiferous  tubules  (Fig.  ID),  These  observations  suggest  that 
Pinl  may  play  a  critical  maintenance  role  in  adult  spermatogenesis, 
and  its  absence  of  Pinl  may  result  in  defects  In  spermatogonial  cell 
division,  meiosis,  or  sperm  maturation. 

Effects  on  Retinal  Tissue.  As  part  of  our  analysis  of  the  phenotypes 
of  Pinl-/“  mice,  we  found  that  Pinl_/“  mice  exhibited  retinal 
degeneration  at  ^16  months  of  age.  The  thickness  of  retinal  layers 
in  Pinl-/_  mice  was  strikingly  reduced  (Fig.  24).  To  quantify  the 
retinal  degeneration,  we  determined  the  number  of  nuclear  cell 
layers  in  six  retinas.  Wild-type  mice  contained  an  average  of  «7-cell 
diameter  thickness  in  the  inner  and  13-cell  diameter  thickness  in  the 
outer  nuclear  layers,  whereas  Pinl“/_  mice  contained  only  ^4-cell 
diameter  thickness  in  the  inner  and  7-cell  diameter  thickness  in  the 
outer  nuclear  layers  (Fig.  2 C).  Given  the  retinal  degenerative 
phenotype  in  old  Pinl_/”  mice,  we  also  examined  the  eyes  at  1  day 
after  delivery  and  at  4-6  months  to  examine  whether  younger 
Pinl_/“  mice  have  a  similar  abnormality.  Although  the  retinal 
layers  in  Pinl_/_  mice  were  similar  to  those  ofPinl+/+  mice  at  birth 
(data  not  shown),  about  50%  of  Pinl  eyes  displayed  mild  retinal 
degradation  by  4-6  months  of  age  (Fig.  2 B).  These  results  indicate 
that  the  Pinl_/"  retina  undergoes  degeneration  and  that,  like  the 
testicular  atrophy,  this  is  also  age-dependent  (Fig.  1  C  and  D), 
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Fig.  2,  Retina!  atrophy  in  Pint ~/_  mice.  (A  and  8)  Histopathoiogica!  examina¬ 
tion  of  retinas.  Sections  through  age-matched  wiid-type  (Left)  and  Pinl  (Right) 
retinas  at  ^16-month-oid  (A)  or  ^4-month-old  (B)  mice  were  stained  with  he¬ 
matoxylin  and  eosin.  The  layers  indicated  are  as  follows:  G,  surface  ganglion  cell 
layers;  OP,  outer  plexiform  layer;  ON,  outer  nuclear  layer;  IN,  inner  nuclear  layer; 
P,  photoreceptor  cell  layer:  t&P,  choroid  and  pigment  cells.  (Q  Comparison  of  the 
number  of  the  nuclear  layers.  The  numbers  of  the  inner  and  outer  nuclear  layers 
were  counted  from  six  age-matched  wild-type  (Left)  and  Pint  (Rights  retinas, 
with  die  average  and  standard  deviations  being  presented.  Because  there  is  no 
difference  between  young  and  old  animals,  the  results  are  combined. 


suggesting  that  Pinl  may  play  an  important  role  in  survival  or  cell 
proliferation  in  the  retina. 

Effects  on  Mammary  Gland.  One  of  the  most  striking  ailments  found 
in  cyclin  D1  mutant  mice  was  that  the  mammary  gland  fails  to 
undergo  full  lobuloalveolar  development  during  pregnancy.  These 
observations  prompted  us  to  examine  whether  Pinl-deficient  mice 
also  display  impaired  mammary  gland  associated  with  pregnancy. 
As  shown  in  Fig.  3  A  and  Bt  the  adult  epithelial  ducts  from  both 
Pinl+/+  and  Pinl"/_  female  mice  developed  normally  and  formed 
side  branches  before  pregnancy.  As  seen  in  normal  mice  (23, 24), 
the  Pinl+/+  females  underwent  the  normal  massive  expansion 
during  pregnancy;  the  mammary  epithelial  ducts  significantly  ex¬ 
tended  their  side  branches  and  built  up  numerous  alveolar  struc¬ 
tures,  which  replaced  the  mammary  fat  pad  and  formed  lobules 
(Fig.  3  C  mid  E).  In  sharp  contrast  to  this  normal  pregnancy- 
induced  response,  in  Pinl“/_  female  mice  a  severe  reduction  in 
mammary  epithelial  duct  development  was  observed  during  preg¬ 
nancy,  and  the  mammary  gland  failed  to  undergo  the  usual  massive 
expansion  (Fig.  3  D  and  F).  Consistent  with  these  whole  mount 
results,  histological  sections  revealed  that  the  pregnant  wild-type 
mice  displayed  a  massive  proliferation  of  full-developed  mammary 
epithelial  cells  (Fig.  3G).  In  contrast,  the  mammary  gland  of 
Pinl“/_  pregnant  mice  showed  a  severe  impairment  in  the  devel¬ 
opment  and  proliferation  of  mammary  epithelial  cells  (Fig,  3 H). 

Effects  on  Cyclin  D1  Levels  in  Various  Tissues.  To  detect  the  cyclin  D1 
protein  in  retina,  we  used  immunostaining  with  affinity-purified 
anti-cyclin  D1  antibodies.  The  cyclin  D1  antibodies  strongly  stained 
the  wild-type  retina  of  4-16  months  of  age  (Fig,  4 A;  data  not 
shown),  which  is  consistent  with  high  levels  of  cyclin  D1  mRNA  in 


Pinl*/*  Plnl-A 


Fig.  3.  Impaired  mammary  epithelial  expansion  during  pregnancy  in  Pin1_/~ 
mice.  The  whole  mount  C A-f)  and  histological  (G  and  H)  appearance  of  mammary 
glands  derived  from  3-4-month-old  wild-type  (A,  C,  E,  and  G)  or  Pin  1  ~f~  (B,  D,  F, 
and  H >  miteof  ~4  months  of  age.The  whole  mounts  of  inguinal  mammary  glands 
were  prepared,  and  the  epithelial  component  was  stained  with  carmine  red. 
Histological  sections  were  stained  with  hematoxylin  and  eosin.  (4)  Nulliparous 
wild-type  mouse.  (8)  Nulliparous  mutant  mouse.  (C,  £,  and  G}  Wild-type  mouse, 
1  day  after  delivery,  (D,  Ft  and  H)  Mutant  mouse,  1  day  after  delivery. 

this  tissue  as  shown  by  in  situ  hybridization  (23).  In  contrast,  the 
antigenic  peptide-blocked  antibodies  failed  to  detect  any  specific 
signal  on  retinal  sections  (Fig.  4A).  In  addition,  the  strong  Pinl- 
staining  signals  obtained  with  affinity-purified  anti-Pinl  antibodies 
(13)  on  wild-type  tissues  were  in  contrast  to  the  lack  of  staining  of 
Pinl-/~  tissues  (Fig,  4  B  and  C),  confirming  that  Pinl-/~  mice  do 
not  express  Pinl  protein.  Similar  strong  staining  patterns  were 
observed  for  both  Pinl  and  eyciin  D1  in  the  retina  (Fig.  4  B  and  C). 
More  importantly,  the  cyclin  D1  protein  level  in  Pinl-deficient  mice 
was  strikingly  lower  than  that  in  the  age-matched  wild-type  mice 
both  in  the  retina  and  mammary  glands  in  pregnant  mice  (Fig,  4  B 
and  C).  To  examine  the  effects  on  cyclin  D1  levels  in  other  tissues, 
several  selected  tissues  from  wild-type  and  Pinl“/_  mice  were 
subjected  to  immunoblotting  analysis  with  anti-cyclin  D1  antibod¬ 
ies,  Although  cyclin  D1  levels  appeared  not  to  be  affected  in  heart 
and  kidney,  cyclin  D1  was  significantly  reduced  in  testis,  spleen, 
liver,  and  lung  in  Pinl-deficient  mice  (Fig.  40).  These  results 
indicate  that  mice  lacking  Pinl  display  a  significant  reduction  in 
cyclin  D1  protein  level  in  many  tissues,  including  retina,  spleen,  and 
testis,  and  in  the  mammary  gland  in  pregnant  females,  and  suggest 
that  Pinl  affects  cyclin  D1  levels  in  tissues  that  contain  actively 
dividing  cells. 

Pinl  Regulates  Cyclin  D1  Turnover  and  Subcellular  Localization  in 
Addition  to  Its  Transcription,  The  above  results  indicate  that  Pinl 
loss-of-function  in  the  mouse  resembles  many  of  the  cyclin  Dl-null 
mouse  phenotypes.  Our  previous  studies  have  shown  that  Pinl 
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Fig,  4.  Expression  of  Pint  and  cyclin  D1  In  various  mouse  tissues.  (4)  Speci¬ 
ficity  of  immunostaining  with  anti-cydin  D1  antibodies,  Anti-cyclin  D1  anti¬ 
bodies  that  raised  against  the  C-terminal  peptide  of  cyctin  D1  were  affinity 
purified  by  using  the  cyclin  01  peptide.  A  retinal  paraffin  section  was  stained 
with  the  affinity-purified  anti-cyclin  D1  antibodies  in  the  absence  (Left)  or 
presence  (Right)  of  the  cydin  D1  peptide  (Ag)  that  was  used  as  the  antigen,  (8 
and  Q  Sections  of  retina  (8)  and  mammary  gland  in  pregnant  females  (0 
derived  from  Pin1+/+  and  Pin1~/~  mice  were  stained  with  affinity-purified 
anti-Pin  1  or  anti-cyclin  D1  antibodies.  (O)  immunoblotting  analysis  of  selected 
tissues  with  anti-cyclin  D1  antibodies.  Several  selected  tissues  from  Pinl  */+ and 
Pin1-/“  mice  were  lysed  in  SDS-sample  buffer  and  subjected  to  immunoblot¬ 
ting  analysis  with  anti-cyclin  D1  antibodies.  The  same  membranes  were  also 
probed  with  anti-tubulin  antibodies  as  a  loading  control. 


enhances  the  transcription  of  cyclin  B1  through  c-Jun/AP-1  and 
^-catenin/TCF  in  cancer  cells.  However,  mouse  models  in  which 
AP4  or  p-catenin/APC  function  is  perturbed  do  not  display  strong 
cyclin  Dl-related  phenotypes  (30-32).  This  led  us  to  speculate  that 
an  additional  molecular  mechanism  may  contribute  to  the  drastic 
phenotypes  observed  in  the  Pinl-deficient  mice. 

To  test  this  hypothesis,  we  first  examined  cyclin  D1  mRNA  and 
protein  levels  in  Pinl_/_  embryonic  fibroblasts  (MEFs).  The  cyclin 
D1  mRNA  level  was  lower  in  Pinl_/~  MEFs  than  that  in  wild-type 
MEFs  (Fig.  54),  consistent  with  Pinl  being  involved  in  regulation 
of  cyclin  D1  transcription  (21, 22).  However,  the  cyclin  D1  protein 
level  was  decreased  to  a  significantly  greater  extent  in  Pinl'7- 
MEFs  (Figs.  5 B  and  64),  suggesting  that  Pinl  might  also  affect  the 


Fig.  5.  Pinl  binds  cydin  D1  phosphorylated  on  Thr-286  and  stabilizes  cyclin  D1 
protein.  (A)  Total  RNA  was  isolated  from  wild-type  (Pinl 4/+)  or  Pinl  MEFs  and 
then  subjected  to  Northern  blot  analysis,  with  glyceraidehyde-3-phosphate  de¬ 
hydrogenase  as  a  loading  control.  (8)  Reduced  cyclin  D1  protein  in  Pinl  MEFs. 
The  same  MEFs  as  described  in  A  were  subjected  to  immunobtot  analysis  with 
anti-cydin  Dl,  anti-tubulin,  and  anti-Pinl  antibodies.  <C  and  D)  Pinl  stabilizes 
cyclin  D1  protein.  Pjn1+/+,  Pin1"/_  MEFs,  or  PIn1~/-  MEFs  engineered  to  express 
Pinl  were  transfected  with  HA-tagged  cyctin  D1  and  CDK4,  After  16  h,  ceils  were 
metabolically  labeled  with  [35S]Met  for  40  min.  Cells  were  washed  with  complete 
medium  containing  excess  unlabeled  Met  and  collected  at  indicated  times.  Cells 
were  lysed  and  Immunoprecipitated  with  12CA5  antibody,  followed  by  autora¬ 
diography  (0.  The  radioactivity  of  immunoprecipitated  cyclin  D1  was  quantified 
with  a  Phosphoimager  and  normalized  to  the  0-h  point.  Results  shown  are 
means  ±  SD  for  three  independent  experiments  (D).  (£}  Pinl  binds  cyclin  D1 
phosphorylated  on  Thr-286.  Cells  were  transfected  with  either  wild-type  HA- 
tagged  cyclin  D1  or  HA-tagged  cyclin  D1  mutant  (T286A)  for  24  h.  Cell  extracts 
were  incubated  with  glutathione  agarose  beads  containing  GST  or  GST-Pinl. 
After  washing,  binding  proteins  were  subjected  to  immunoblotting  analysis  with 
12CA5  mouse  monoclonal  antibody  to  HA  peptide. 


stability  of  cyclin  D1  protein.  To  test  this  idea,  we  investigated  the 
stability  of  exogenously  expressed  cyclin  D1  by  using  pulse-chase 
experiments.  Although  the  stability  of  cyclin  D1  in  wild-type  MEFs 
was  almost  the  same  as  those  in  other  cells  reported  earlier  (26, 27), 
its  stability  in  Pinl-/“  MEFs  was  significantly  decreased  (Fig.  5  C 
and  D),  Moreover,  reexpression  of  Pinl  in  Pinl_/“  MEFs  restored 
the  stability  of  cyclin  D1  (Fig.  5  C  and  D).  These  results  indicate  that 
Pinl  increases  the  stability  of  cyclin  D1  protein. 

Because  previous  evidence  indicates  that  the  phosphorylation  on 
Thr-286  by  GSK-3j3  is  a  critical  factor  for  cyclin  D1  localization  and 
turnover  (26,  27),  we  asked  whether  Pinl  binds  cyclin  D1  phos¬ 
phorylated  on  Thr-286  and  whether  Pinl  affects  its  subcellular 
localization.  GST-puIl  down  analyses  revealed  that  Pinl  directly 
bound  to  cyclin  D1  but  not  to  its  T286A  mutant  (Fig.  5 £),  indicating 
that  Pinl  binds  to  cyclin  D1  likely  via  phosphorylated  Thr-286, 
which  is  succeeded  by  a  proline  and  resided  in  a  consensus 
Pinl-binding  sequence  (7, 9),  Furthermore,  in  exponentially  grow- 
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Fig,  6,  Pinl  increases  cydin  D1  protein  level  and  increases  its  nuclear  localization.  (A)  Reduced  cydin  D1  in  Pinl”'-  MEFs.  Growing  wild-type  or  Pinl-'-  MEFs 
were  fixed  and  stained  with  anti-cyclin  D1  antibodies  and  DAP1.  (B)  Pinl  increases  the  nuclear  localization  of  cydin  D1,  Pinl -/"  MEF  cells  transfected  with  either 
GFP  or  GFP-Pinl  were  arrested  in  G0  by  serum  deprivation  and  contact  inhibition,  and  then  cells  were  harvested  at  18  h  after  serum  addition.  Subcellular 
localization  of  cydin  D1  was  determined  by  immunostaining  with  cydin  D1  antibodies  and  DAPI,  Arrows  point  to  GFP-Pinl -expressing  cells.  ( Q  The  nuclear 
fraction  was  isolated  from  cells  transfected  as  described  in  8  by  using  hypotonic  buffer  and  then  subjected  to  immunoblotting  analysis  with  anti-cyclin  D1  and 
anti-la  min  B  antibodies.  Relative  amounts  of  nuclear  cydin  01  was  semiquantified  and  normalized  with  lamin. 


Ing  Pinlw~  MEFs,  the  level  of  endogenous  cydin  D1  was  not  only 
significantly  reduced  compared  with  that  in  wild-type  MEFs,  but 
cydin  D1  was  also  primarily  localized  in  cytoplasm  of  Pinl_/“ 
MEFs,  whereas  it  was  largely  nuclear  in  wild-type  MEFs  (Fig,  6A), 
In  addition,  the  cydin  D1T2S6A  mutant  remained  in  the  nucleus  even 
in  MEFs  (data  not  shown)  (28),  These  results  suggest  that 

Pinl  might  affect  localization  of  cydin  Dl,  To  confirm  this,  we 
looked  at  the  cydin  Dl  localization  during  S  phase,  when  cydin  Dl 
is  known  to  be  exported  to  cytoplasm  (26-28).  Pinl_/_  MEFs 
transfected  with  either  GFP  or  GFP-Pinl  were  arrested  in  Go  by 
serum  starvation  and  allowed  to  enter  the  cell  cycle  by  the  addition 
of  serum.  At  18  h  after  the  serum  addition,  when  cells  were  in  S 
phase,  as  monitored  by  BrdU  incorporation  (data  not  shown),  cells 
were  fixed  and  subjected  to  immunostaining  with  cyclin  Dl  anti¬ 
bodies  (Fig.  6  A  and  B%  or  the  nuclear  fraction  was  isolated  and 
subjected  to  immunoblotting  analysis  with  cyclin  Dl  antibodies 
(Fig.  6C),  As  shown  (26, 27),  cydin  Dl  was  primarily  localized  in  the 
cytoplasm  in  nontransfected  or  GFP-transfected  Pinl~;“  MEFs 
(Fig.  6  A  and  B),  In  contrast,  cyclin  Dl  was  mainly  localized  in  the 
nucleus  in  over  90%  GFP-Pinl-transfected  cells  (Fig.  6 B,  data  not 
shown).  Furthermore,  levels  of  cyclin  Dl  in  the  nudeus  were 
significantly  higher  in  GFP-Pinl-transfected  cells  than  control 
GFP-transfected  Pinl~/_  MEFs  (Fig,  6C),  Together,  these  results 
indicate  that  Pinl  regulates  the  turnover  and  subcellular  localiza¬ 
tion  of  cyclin  Dl, 

Discussion 

We  report  here  that  Pinl-/~  mice  display  many  severe  pheno¬ 
types,  including  decreased  body  weight,  retinal  degeneration, 


mammary  gland  retardation,  and  testicular  atrophy.  Most  of 
these  phenotypes  are  remarkably  similar  to  those  of  cyclin 
Dl-deficient  mouse  phenotypes.  Of  several  phenotypes  ob¬ 
served  in  Pinl_/_  mice,  the  alterations  in  retina  and  mammary 
gland  seemed  to  be  most  drastic.  We  found  that  Pinl_/~  mice 
show  dramatic  impairments  in  cell  survival  or  proliferation  in  the 
retina,  especially  at  old  age.  Moreover,  it  is  very  clear  and 
striking  that  in  pregnant  Pinl“/_  female,  mammary  epithelia 
cells  fail  to  undergo  massive  proliferation  in  the  development  of 
alveolar  structures  and  ductal  side  branching.  Our  study  dem¬ 
onstrated  that  Pinl  is  highly  expressed  in  retina  and  mammary 
gland  compared  with  other  tissues  (data  not  shown),  and  the 
depletion  of  Pinl  causes  a  dramatic  retinal  atrophy  and  mam¬ 
mary  gland  impairment.  Furthermore,  disruption  of  Pinl  affects 
the  level  of  cyclin  Dl  in  the  tissues  that  contain  actively 
proliferative  cells,  such  as  spleen,  retina,  and  mammary  gland  in 
pregnant  females.  Moreover,  cyclin  Dl~/_  mice  also  display  a 
very  similar  phenotype  in  the  retina  and  mammary  gland.  These 
results  suggest  that  Pinl  could  play  an  essential  role  in  main¬ 
taining  survival  or  proliferation  of  cells  through  regulating  cyclin 
Dl  expression.  One  notable  difference  between  Pinl-  and  cyclin 
Dl-deficient  mice  is  that  cyclin  Dl  mutant  mice  display  a 
dramatic  reduction  in  retinal  layers  at  an  early  stage  develop¬ 
ment  because  of  proliferative  failure  (23,  24),  However,  in 
Pinl_/_  mice,  the  thickness  of  the  retina  decreases  slowly  with 
age  and  becomes  pronounced  by  over  1  year  of  age.  These  results 
indicate  that  the  retinal  hypoplasia  in  Pinl_/“  mice  is  not 
because  of  proliferative  failure  during  the  embryonic  develop¬ 
ment  but  rather  likely  became  of  a  failure  of  cells  to  maintain  cell 
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Fig.  7.  A  model  for  regulation  of  eydln  D1  function  by  Pinl.  In  addition  to 
that  Pinl  enhances  cyciin  D1  promoter  activity  through  AP-1  and  TCF  sites  as 
a  result  of  activation  and/or  stabilization  of  phosphoryiated  c-Jun  and  £-cate- 
nin#  respectively,  our  current  results  demonstrate  that  Pint  directly  regulates 
the  stability  and  subcellular  localization  of  cycfin  D1  itself. 


survival  and/ or  proliferation  after  birth  because  there  is  no  obvious 
difference  in  the  retina  between  and  wild-type  mice  at 

birth.  This  might  be  due  to  the  fact  that  cyciin  D1  level  in  Pinl_/“ 
mice  is  lower,  but  not  completely  absent  as  in  the  case  of  cyciin  D1 
knockout  mice.  Thus,  this  level  of  cyciin  D1  may  become  a  limiting 
factor  with  aging  and  thereby  affect  survival  or  cell  proliferation. 

Our  results  strongly  suggest  that  Pinl  regulates  cyciin  D1  not  only 
through  transcriptional  regulation  but  also  via  a  posttranslational 
mechanism.  Previous  studies  by  using  human  cancer  tissues  and 
cancer  cell  lines  have  demonstrated  that  Pinl  enhances  cyciin  D1 
promoter  activity  through  AP-1  and  TCF  sites  as  a  result  of 
activation  and/or  stabilization  of  phosphoryiated  c-Jun  and  /3-cate- 
nin,  respectively  (21,  22),  Here,  we  demonstrate  that  Pinl  also 
regulates  the  stability  and  subcellular  localization  of  cyciin  D1  itself. 
Phosphorylation  of  cyciin  D1  on  the  Thr-286  site  regulates  turnover 
and  localization  of  cyciin  D1  by  enhancing  Its  nuclear  export,  which 
leads  to  degradation  of  cyciin  D1  in  the  cytoplasm  (26, 27),  We  have 
shown  that  Pinl  can  bind  to  the  phosphoryiated  Thr-286 -Pro  motif 
in  cyciin  D1  and  stabilize  cyciin  Dl,  presumably  by  preventing 
nuclear  export  of  cyciin  Dl  and  proteolysis  in  cytoplasm.  Interest¬ 
ingly,  Pinl  regulates  the  turnover  and  localization  of  j3-catenin  in  a 
similar  manner  (22),  Thus,  Pinl  positively  regulates  cyciin  Dl 
function  at  both  transcriptional  and  posttranslational  levels  (Fig.  7), 
and  this  may  explain  why  Pinl  loss-of-fu notion  in  the  mouse 
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resembles  the  cyciin  Dl-null  phenotypes.  Because  cyciin  Dl  plays 
a  critical  role  in  oncogenesis  (23,  24,  33-38),  our  current  results 
further  support  a  role  of  Pinl  in  breast  cancer  (21,  22). 

Pinl  has  been  demonstrated  to  have  many  functions;  however, 
we  have  demonstrated  here  that  Pinl_/“  mice  display  rather 
restricted  phenotypes  that  are  related  to  those  observed  in  cyciin 
Dl~;“  mice.  The  lack  of  more  severe  phenotypes  can  be  ex¬ 
plained  by  the  idea  that  there  are  other  Pinl-like  genes  that  can 
compensate  for  the  functions  of  Pinl.  This  idea  is  supported  by 
our  recent  isolation  of  a  second  Pinl-like  gene  from  Drosophila 
(A.R.  and  K.P.L.,  unpublished  data).  This  finding  strongly 
suggests  the  possibility  of  other  existing  Pinl-like  genes  in  the 
higher  species  such  as  mouse  and  human.  The  strikingly  testic¬ 
ular  atrophy,  which  is  not  found  in  cyciin  Dl-null  mice  but  seen 
in  cyciin  D2  knockout  mice  (39)  or  the  cyciin  D-dependent 
kinase  inhibitors  (40,  41),  suggests  that  Pinl  may  target  other 
proteins,  perhaps  other  D-type  eyclins.  Further  studies  are 
needed  to  illustrate  the  role  of  Pinl  in  spermatogenesis. 

In  summary,  we  report  that  mice  lacking  Pinl  do  display  a  range 
of  severe  cell-proliferative  abnormalities,  many  of  which  resemble 
those  in  cyciin  Dl-defieient  mice.  Furthermore,  disruption  of  Pinl 
also  causes  a  striking  reduction  In  cyciin  Dl  level  in  many  tissues, 
including  the  retina  and  mammary  epithelial  cells  of  pregnant 
females,  the  two  most  affected  tissues.  Using  Pinl^'  MEF  cells,  we 
demonstrate  that  Pinl  binds  and  stabilizes  cyciin  Dl  and  increases 
its  nuclear  localization  in  addition  to  affecting  cyciin  Dl  transcrip¬ 
tion.  These  results  provide  insight  for  an  essential  role  of  Pinl  in 
maintaining  cell  proliferation  and  regulating  cyciin  Dl, 
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ABSTRACT 


DNA  damage  leads  to  stabilization  and  accumulation  of  p53,  which  plays  a  pivotal  role 
in  transcriptional  activation  of  p21  and  cell  cycle  arrest.  The  increase  in  p53  stability 
depends  critically  on  its  phosphorylation  on  serine/threonine  residues,  including  those 
preceding  a  proline  (pSer/Thr-Pro).  The  pSer/Thr-Pro  moiety  exists  in  the  two  distinct  cis 
and  trans  conformations  and  their  conversion  is  catalyzed  specifically  by  the  prolyl 
isomerase  Pinl.  Pinl  regulates  the  conformation  and  function  of  certain  phosphorylated 
proteins  and  plays  an  important  role  in  cell  cycle  regulation,  oncogenesis  and 
Alzheimer’s  disease.  However,  nothing  is  known  about  the  role  of  Pinl  in  DNA  damage. 
Here  we  found  that  DNA  damage  enhanced  the  interaction  between  Pinl  and  p53,  which 
depended  on  the  WW  domain  in  Pinl  and  Ser33/46-Pro  motifs  in  p53.  Furthermore,  Pinl 
regulates  the  stability  of  p53  and  its  transcriptional  activity  towards  the  p21  promoter.  As 
a  result,  p53  and  p21  barely  increased  after  DNA  damage  in  Pinl  knockout  embryonic 
fibroblasts  or  in  neoplastic  cells  depleted  of  Pinl.  Moreover,  Pinl  null  cells  displayed 
significant  defects  in  cell  cycle  checkpoints  induced  by  DNA  damage.  These  results 
demonstrate  a  new  role  of  Pinl  in  regulating  p53  function  during  DNA  damage. 
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INTRODUCTION 


The  tumor  suppressor  protein  p53  regulates  multiple  cellular  functions,  including  cell  cycle 
checkpoint,  genomic  stability,  transcriptional  activation  of  specific  subsets  of  genes  and  apoptosis 
(1-6).  DNA  damage  induced  by  such  as  ionizing  radiation  leads  to  stabilization  and  accumulation 
of  p53  (1-6).  Thisp53  induction  plays  a  pivotal  role  in  transcriptional  activation  of  the  cell  cycle 
inhibitor  p21  and  cell  cycle  arrest  (7-9)  and  is  at  least  partially  due  to  its  dissociation  from  the 
ubiquitin  ligase  MDM2  (10,1 1).  The  increases  in  the  p53  stability  and/or  transcriptional  activity 
depend  critically  on  its  phosphorylation  on  multiple  serine/threonine  residues,  including  those 
preceding  a  proline  (pSer/Thr-Pro)  (12-19).  Therefore,  Pro-directed  phosphorylation  is  a  critical 
mechanism  for  activation  of  p53  upon  DNA  damage.  However,  it  is  not  clear  whether  the  stability 
and/or  function  of  p53  are  regulated  after  Pro-directed  phosphorylation. 

Interestingly,  pSer/Thr-Pro  motifs  in  proteins  exist  in  cis  and  trans  conformations,  whose 
conversion  is  normally  inhibited  by  phosphorylation,  but  is  specifically  catalyzed  by  the  prolyl 
isomerase  Pinl  (20-23).  Pinl  contains  an  N-terminal  WW  domain  and  C-terminal  isomerase 
domain.  The  WW  domain  binds  specific  pSer/Thr-Pro  motifs  and  targets  Pinl  to  a  subset  of 
phosphoproteins  where  the  PPIase  domain  induces  conformational  changes  by  isomerizing  specific 
pSer/Thr-Pro  bonds.  Such  conformational  changes  have  profound  effects  on  catalytic  activity, 
dephosphorylation,  protein-protein  interactions,  subcellular  location,  and/or  stability  of  Pinl 
substrates  (21,22,24-34).  Functionally,  Pinl-mediated  mechanism  has  been  shown  to  regulate 
several  phases  of  the  cell  cycle,  including  Gl/S  and  G2/M  as  well  as  the  DNA  replication 
checkpoint  (35).  Furthermore,  Pinl  is  strikingly  overexpressed  in  many  human  cancers  and  affects 
the  stability  of  certain  phosphoproteins,  such  as  cyclin  D1  and  p-catenin  (32-34).  Therefore, 
phosphorylation-specific  prolyl  isomerization  is  a  new  mechanism  for  regulating  function  of  certain 
phosphorylated  proteins.  However,  it  is  not  known  whether  this  mechanism  is  important  in  DNA 
damage  response.  Here  we  report  that  Pinl  binds  phosphorylated  p53,  and  is  important  for  p53 
stabilization,  p21  transactivation  and  cell  cycle  checkpoints  in  response  to  DNA  damage. 
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MATERIALS  AND  METHODS 


Cell  Culture,  DNA  constructs  and  Transfection  —  Primary  embryonic  fibroblasts  (MEFs)  were 
prepared  from  15-16  day-old  embryos  of  WT  and  Pin  1  mice,  as  described  (34).  They  were 
transfected  using  Effectene  (Quiagen).  Breast  cancer  cells  MCF7  and  T43D  cells  were  transfected 
using  Fugene  6  (Boehringer),  as  described  (32).  Constructs  expressing  Pinl,  its  point  mutants  or 
PinlAS  have  been  described  (21,23).  p53,  its  dominant-negative  mutant  (R248W),  as  well  as  the 
phoshorylation  site  mutants  Ser33  and  Ser46  expression  constructs  and  the  p21  promoter 
luciferase  constructs  were  as  described  (7, 16). 

GST  Pulldown,  Immunoprecipitation  and  Immunoblotting  Analyses  —  To  examine  the  interaction 
between  Pinl  and  p53,  cells  were  irradiated  with  5  Gy  of  y-ray  or  mock-irradiated,  as  described 
(36,37),  The  cells  were  harvested  4  hr  later  and  lysed  in  a  lysis  buffer  containing  1%  Triton  X100. 
The  supernatants  were  subjected  to  GST-Pinl  pulldown  assay,  followed  by  immunoblotting 
analysis  using  monoclonal  antibodies  against  p53  (Ab-6  for  human  p53  or  Ab-3  for  murine 
p53)(Oncogene),  as  described  (25,27,32).  For  co-immunoprecipitation,  we  used  agarose-conjugated 
anti-p53  polyclonal  antibodies  (SantaCruz),  with  unrelated  antibodies  (Pericentrin  antibodies)  as  a 
control,  as  described  (25,27,32). 

Promoter  Reporter  Assays—  Promoter  reporter  assays  were  performed  with  the  Dual-luciferase 
reporter  assay  system  (Promega)  at  24  hrs  after  transfection,  as  described  (32).  Since  PinlAS 
induces  mitotic  arrest  and  apoptosis  at  48-72  hr  after  transfection  (21),  all  experiments  with  PinlAS 
were  performed  before  36  hr  after  transfection,  when  no  significant  apoptotic  cells  were  observed, 
as  described  (21,32). 

Cell  Cycle  Analysis —  To  determine  the  cell  cycle  profile  after  DNA  damage,  cells  were  harvested  at 
24  hr  after  irradiation,  followed  by  propidium  iodide  staining  and  flow  cytometric  analysis  in  a 
FACScan  using  the  CellQuest  Software  Package  (Becton  Dickinson),  as  described  (38,39). 
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RESULTS 


DNA  Damage  Enhances  the  Interaction  between  Pinl  and  p53 

Pinl  has  been  shown  to  bind  and  regulate  the  function  of  a  certain  subset  of  phosphorylated 
proteins  (20,33,34,40).  Interestingly,  DNA  damage  induces  phosphorylation  of  p53  on  several 
Ser/Thr  sites,  including  Ser33-Pro  and  Ser46-Pro  motifs  and  these  phosphorylation  sites  are 
important  for  p53  function  (1-6,12-19).  Moreover,  Ser33  and  Ser46  have  multiple  upstream 
hydrophobic  residues  (Leu,  Val,  and/or  Met)  and  are  preceded  by  a  Pro  residue,  the  two  most 
critical  features  for  Pinl  preferred  binding  sites  (22).  Therefore,  it  is  conceivable  that  Pinl  might 
bind  p53  and  regulate  its  function  following  DNA  damage. 

To  test  this  possibility,  we  first  asked  whether  Pinl  binds  p53  using  GST-Pinl  pulldown 
analysis  (22,25-27).  As  shown  previously  (41),  when  T47D  human  breast  cancer  cells,  which 
contain  wild-type  p53  protein,  were  treated  with  5  Gy  of  y  -radiation,  p53  levels  increased 
significantly  within  6  hrs  (Fig.  1A).  More  importantly,  GST-Pinl,  but  not  GST  alone,  pulled  down 
p53  from  mock-irradiated  cells  and  the  binding  was  significantly  increased  after  cells  were 
irradiated  (Fig.  1  A),  even  after  normalizing  p53  loading  (Fig.  IB).  These  results  indicate  that 
exogenous  Pinl  can  bind  cellular  p53,  which  is  enhanced  by  DNA  damage.  To  confirm  this  result, 
we  performed  eoimmunoprecipitation  experiments  to  detect  the  endogenous  complex.  Anti-p53 
antibodies,  but  not  control  antibodies,  immunoprecipitated  endogenous  Pinl  and  this  co- 
immunoprecipitation  was  also  significantly  increased  by  DNA  damage  (Fig.  1C,  D).  These  results 
indicate  that  DNA  damage  induces  the  interaction  between  Pinl  and  p53. 

Next  we  tested  whether  the  binding  of  Pinl  to  p53  depends  on  the  WW  domain  of  Pinl 
and  the  phosphorylation  of  p53  on  specific  Ser-Pro  motifs,  as  shown  for  other  Pinl  substrates 
(20,22,25,27).  As  indicated  above,  primary  sequence  analysis  suggests  that  two  potential  Pinl 
binding  sites  in  p53  may  be  Ser33-Pro  and  Ser46-Pro  motifs.  We  therefore  used  p53  single  point 
mutants  Ser33Ala  or  Ser46Ala  as  well  as  a  double  mutant  Ser33/46Ala  in  Pinl  binding  assays. 
These  experiments  were  performed  in  HeLa  cells  because  these  cells  very  little  endogenous  p53 
protein  (Fig.  IE),  due  to  high  levels  of  viral  oncoprotein  E6,  and  therefore  have  successfully  been 
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used  to  analyze  the  specific  effects  of  overexpression  of  p53  and  its  mutants  previously  (42,43).  To 
increase  phosphorylation  on  Ser33  and  Ser46,  cell  lysates  were  obtained  4  hrs  after  ionizing 
radiation  with  5  Gy,  at  a  time  when  Ser33  is  shown  to  be  significantly  phosphorylated  (44). 
Consistent  with  the  absence  of  functional  p53  in  these  cells,  no  detectable  p53  was  pulled-down  by 
Pinl  from  vector-transfected  control  cells.  However,  a  substantial  amount  of  transfected  wildtype 
p53  pulled  down  by  Pinl,  but  not  by  its  mutant  containing  the  Seri  6Glu  mutation  (Fig.  IF).  Given 
that  the  SerlbGlu  mutation  disrupts  the  ability  of  the  Pinl  WW  domain  to  bind  phosphoproteins, 
these  results  confirm  that  Pinl  binds  p53  via  its  WW  domain.  Furthermore,  Pinl  binding  to  the 
Ser33Ala  or  Ser46Ala  p53  single  point  mutant  was  considerably  decreased,  while  no  binding  was 
detected  between  Pinl  and  the  Ser33/46Ala  double  mutant  of  p53  (Fig.  IF),  indicating  the 
requirement  of  both  Ser  residues  for  the  binding.  The  above  results  indicate  that  DNA  damage 
enhances  the  specific  interaction  between  Pinl  and  p53  and  the  binding  depends  on  the  WW 
domain  in  Pinl  as  well  as  the  Ser33  and  Ser46  residues  in  p53. 

Effects  of  Pinl  on  the  protein  stability  of  p53  upon  DNA  damage 

We  next  asked  whether  Pinl  affects  p53  accumulation  and  p53-dependent  responses  after  DNA 
damage.  To  address  the  first  question,  we  used  primary  embryonic  fibroblasts  (MEFs)  derived 
from  wild  type  (WT)  or  Pinl  knockout  (Pinl''-)  mice.  When  WT  MEFs  were  irradiated,  p53  levels 
strongly  increased  while  Pinl  levels  remained  basically  unchanged  (Fig.  2A  and  C,  first  panel). 

This  DNA  damage-induced  p53  accumulation  was  time-  as  well  as  dose-dependent,  (Fig.  2A  and 
B),  as  shown  previously  (45-47).  However,  this  DNA  damage-induced  p53  accumulation  was 
markedly  suppressed  in  Pinl  ''  MEFs  (Fig.  2A  and  B).  Furthermore,  both  the  usual  time-  and 
dose-dependent  increase  in  p53  levels  in  response  to  ionizing  radiation  was  abolished  in  Pinl-'- 
MEFs  (Fig.  2A  and  B),  These  results  indicate  that  p53  protein  fails  to  increase  in  Pinl-''  MEFs,  in 
contrast  to  that  in  WT  MEFs.  To  further  support  that  Pinl  is  important  for  p53  accumulation 
following  DNA  damage,  we  depleted  Pinl  from  WT  MEFs  via  expression  of  Pinl  antisense 
construct  (PinlAS),  which  has  been  shown  to  effectively  deplete  Pinl  in  many  different  cell  types 
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(21,32,34).  Indeed,  depletion  of  Pin  1  from  WT  MEFs  drastically  suppressed  induction  of  p53  after 
DNA  damage  (Fig.  2C).  These  results  indicate  that  Pinl  is  required  for  the  accumulation  of  p53 
after  DNA  damage. 

The  above  results  suggest  that  Pinl  may  be  required  for  the  stabilization  of  p53  after  DNA 
damage.  To  examine  this  possibility,  we  examined  the  effects  of  Pinl  on  p53  stability  after  DNA 
damage  using  a  cycloheximide  chase,  as  described  (44).  Pinl'"  MEFs  were  cotransfected  with  p53 
and  control  vector,  Pinl  or  the  S16E  Pinl  mutant  that  failed  to  bind  p53  (Fig.  IF).  After  irradiation, 
cycloheximide  was  added  to  inhibit  de  novo  p53  synthesis  and  the  steady-state  levels  of  p53  were 
determined  using  antibodies  that  detected  only  transfected  human  p53  (Fig.  2D,  E).  In  Pinl  A 
MEFs  transfected  with  the  control  vector,  the  half-life  of  p53  was  about  60  min  (Fig.  2D,  E). 
However,  steady-state  levels  of  p53  were  higher  before  the  addition  of  cycloheximide  in  Pinl'A 
MEFs  transfected  with  Pinl  than  vector  controls  (Fig.  2D).  Importantly,  the  half-life  of  p53  was 
significantly  increased  to  ~  6  hr  by  expression  of  Pinl.  In  contrast,  the  Pinl  mutant  that  failed  to 
bind  p53  did  not  have  detectable  effect  on  the  p53  stability.  These  results  demonstrate  that  the 
binding  of  Pinl  to  p53  is  essential  for  Pinl  to  increase  p53  stability  after  DNA  damage. 

To  further  support  that  phosphorylation-dependent  association  is  important  for  Pinl  to 
stabilize  p53,  we  examined  the  stability  of  the  mutant  S33/46A  p53  mutant  that  failed  to  bind  Pinl 
(Fig.  IF).  As  shown  in  the  newly  added  Fig.  2E  and  2F,  In  PinD'  MEFs,  Pinl  stabilized  p53,  but 
not  its  mutant  S33/46A  mutant  after  DNA  damage  (Fig.  IF).  The  above  results  indicate  that  Pinl 
and  its  phosphorylation-dependent  association  is  required  for  stabilization  of  p53  and  also  reveal  an 
important  new  role  of  phosphorylation  of  Ser33  and  Ser46  in  regulating  the  stability  of  p53. 

Effects  of  Pinl  on  p53  transactivation  towards  p21  after  DNA  Damage 

To  further  investigate  the  consequences  of  the  Pinl  and  p53  interaction,  we  next  assayed  the  effects 
of  Pinl  on  p53-dependent  responses.  Since  one  of  the  major  downstream  targets  of  p53  is  p21,  we 
first  examined  whether  Pinl  affects  p53-dependent  p21  transactivation  without  DNA  damage  given 
the  detectable,  although  weak,  interaction  (Fig.  1A-D).  As  shown  in  Fig.  3 A,  Pinl  alone  had  a 
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modest  stimulatory  effect  on  the  p21  promoter  activity.  This  stimulatory  effect  was  significantly 
enhanced  when  eo-transfeeted  with  p53,  but  was  inhibited  by  dominant-negative  p53  (Fig.  3A).  In 
contrast,  depletion  of  Pint  by  PinlAS  blocked  the  ability  of  p53  to  activate  the  p21  promoter  (Fig. 
3A).  Moreover,  a  mutation  in  the  p53-binding  site  in  the  p21  promoter  completely  abolished  the 
effects  of  Pinl  on  the  p21  promoter  (Fig.  3B).  These  results  show  that  Pinl  can  enhance  the  ability 
of  p53  to  activate  the  p21  promoter. 

Since  the  Pinl  and  p53  interaction  is  enhanced  after  DNA  damage,  we  next  examined  the 
effects  of  irradiation  on  the  ability  of  Pinl  to  enhance  the  p21  promoter.  As  shown  in  Fig.  3B, 
irradiation  increased  p21  transactivation  about  2-4  times  after  transfection  with  Pinl  alone  in 
comparison  to  vector  control.  However,  p21  transactivation  in  response  to  irradiation  was  greatly 
enhanced  when  Pinl  and  p53  were  cotransfected  (Fig.  3B).  This  stimulatory  effect  of  Pinl  and 
p53  depended  on  DNA  damage  since  p21  transactivation  is  3-4  times  stronger  in  the  Pinl  or  Pinl 
and  p53  cotransfected  radiated  cells  in  comparison  to  the  mock-radiated  control  ((Fig,  3B).  Again, 
the  mutation  in  the  p53-binding  site  in  the  p21  promoter  completely  abolished  the  effects  of  Pinl 
on  the  p21  promoter  (Fig.  3B).  Similarly,  a  dominant-negative  p53  mutant  significantly  suppressed 
the  Pinl’s  effects  (Fig.  3B).  These  results  indicate  the  critical  role  of  p53  in  mediating  the  Pinl’s 
effect  on  the  p21  promoter.  Finally,  the  Pinl  point  mutant  that  either  could  not  bind  p53  (Pinlsl6B, 
PinlW34A)  or  isomerize  pSer/Thr-Pro  motifs  (PinlK63A)  failed  to  increase  p53  transactivation  (Fig. 
3B).  These  results  indicate  that  Pinl  enhances  the  p53-dependent  p21  transactivation  upon  DNA 
damage  and  that  both  Pinl's  WW  domain  and  its  PPIase  activity  are  required  for  this  cooperation. 

If  Pinl  enhances  the  p53-dependent  p21  transactivation  upon  DNA  damage,  it  would  be 
expected  that  inhibition  of  Pinl  might  affect  the  accumulation  of  p21  after  DNA  damage.  Therefore, 
we  compared  the  DNA  damage-induced  p21  accumulation  in  the  presence  or  absence  of  Pinl.  As 
shown  previously  (45),  p21  levels  are  strongly  increased  in  WT  MEFs  after  ionizing  radiation  and 
this  induction  was  time-dependent  as  well  as  dose-dependent  (Fig.  2A-C).  However,  under  the 
same  conditions,  p21  levels  failed  to  increase  in  Pinl'-  MEFs  or  WT  MEFs  that  were  depleted  of 
Pinl  by  PinlAS  (Fig.  2A-C),  Furthermore,  both  the  time-  and  dose-dependent  increase  in  p21  levels 
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was  abolished  in  Pin  T/_  MEFs  (Fig,2A-B).  These  results  demonstrate  that  loss  of  Pinl  abolishes 
the  accumulation  of  p53  and  p21  after  DNA  damage.  Of  note,  Pinl  appeared  to  have  more 
profound  effects  on  p21  protein  levels  than  on  its  promoter  and  that  p21  stability  is  also  regulated 
by  Pro-directed  phosphorylation  (48),  Pinl  might  also  directly  regulate  p21  stability. 

Effects  of  Pinl  on  DNA  Damage-induced  Cell  Cycle  Checkpoints 

Given  that  Pinl  is  required  for  accumulation  of  p53  and  p21  after  DNA  damage,  an  important 
question  is  whether  Pinl  affects  cell  cycle  checkpoint  control  in  response  to  DNA  damage.  To 
address  this  question,  we  subjected  WT  or  Pinl''’  MEFs  to  5  Gy  of  gamma  irradiation.  The  cell 
cycle  phenotypes  were  analyzed  by  flow  cytometry  in  addition  to  direct  microscopic  examination. 
Before  DNA  damage,  there  were  not  obvious  differences  between  WT  and  Pin  T/' MEFs  with  the 
exception  that  Pinl /  cells  had  slightly  more  cells  in  G1  and  fewer  cells  in  S  phase,  as  compared 
with  WT  cells  (Fig.  4A,  B).  This  phenotype  is  consistent  with  the  previous  findings  that  Pinl  is  an 
important  regulator  of  the  Gl/S  activator  cyclin  D1  (34). 

Importantly,  obvious  differences  in  cell  morphologies  and  cell  cycle  profiles  were  observed 
after  DNA  damage.  As  compared  with  those  before  irradiation,  WT  MEFs  displayed  interphase 
cell  morphologies,  whereas  significantly  more  Pinl  7'  MEFs  were  rounded  up  (data  not  shown). 
These  differences  were  further  confirmed  by  flow  cytometrical  analysis  (Fig.  4).  12  hr  after 
irradiation,  WT  MEFs  in  S  phase  were  dramatically  reduced  and  the  major  of  cells  were 
accumulated  with  the  4n  DNA  content  (Fig.  4),  confirming  intact  cell  cycle  checkpoints  in  WT 
MEFs,  as  shown  (45-47).  However,  Pin l  '' MEFs  in  S  phase  were  not  changed.  Furthermore, 
DNA-damage-induced  G2  arrest  was  significantly  inhibited  in  Pin  l'- MEFs  (Fig.  4).  These  results 
indicate  that  loss  of  Pinl  leads  to  multiple  cell  cycle  checkpoint  defects  in  response  to  DNA 
damage. 


DISCUSSION 


Here  we  report  that  Pinl  plays  an  important  role  in  regulating  p53  function  and  in  modulating 
cellular  response  to  DNA  damage,  Pinl  bound  p53  and  also  increased  its  protein  stability,  which 
depended  on  the  binding  of  Pinl  to  phosphorylated  Ser33/46  of  p53.  Furthermore,  Pinl 
potentiated  the  transcriptional  activity  of  p53  towards  the  p21  promoter,  which  required  the  function 
of  both  the  WW  domain  and  the  PPIase  domain  of  Pinl  as  well  as  the  presence  of  the  p53-binding 
site  in  the  p21  promoter.  Moreover,  p53  and  p21  barely  increased  after  ionizing  radiation  in  Pinl'/_ 
MEFs  or  in  neoplastic  cells  depleted  of  Pinl,  Finally,  Pinl'-  MEFs  displayed  significant  defects  in 
cell  cycle  checkpoints  induced  by  DNA  damage.  Given  that  the  well  established  role  of  p53  in  the 
cell  cycle  checkpoint  regulation  in  response  to  DNA  damage,  these  results  demonstrate  that  Pinl  is 
a  novel  regulator  of  p53  in  DNA  damage  response. 

It  remains  to  be  determined  how  Pinl  regulates  the  ability  of  p53  and  p21  to  upregulate 
during  DNA  damage.  One  of  the  major  cellular  responses  to  DNA  damage  is  phosphorylation  of 
p53,  which  leads  to  the  activation  of  p53  by  destabilizing  its  interaction  with  MDM2  and  by 
increasing  its  transcriptional  activity  (1-6).  Pinl  is  a  phosphorylation-specific  PPIase  that  regulates 
the  function  of  certain  phosphorylated  proteins  by  binding  and  isomerizing  specific  phosphorylated 
Ser/Thr-Pro  motifs,  whose  isomerization  is  normally  inhibited  upon  phosphorylation  (20-22,24- 
34).  We  have  shown  that  the  Pinl-binding  or  isomerase  mutant  fails  to  increase  the  stability  and 
transactivation  activity  of  p53.  Furthermore,  the  S33/46A  mutant  that  fails  to  bind  Pinl  fails  to  be 
stabilized  after  DNA  damage.  These  results  strongly  suggest  for  the  first  time  that  phosphorylation 
of  Ser33  or  Ser46  plays  an  important  role  in  regulating  the  stabilization  of  p53.  This  is  consistent 
with  the  fact  that  both  residues  lie  in  immediate  vicinity  of  the  Mdm2  binding  site  and  affect 
transcriptional  activity  of  p53  (49-51).  Therefore,  we  propose  that  when  p53  is  phosphorylated 
following  DNA  damage,  Pinl  binds  and  isomerizes  p53  on  phosphorylated  Ser33/46.  This 
conformational  change  may  prevent  binding  of  p53  to  its  ubiquitin  ligase  MDM2,  affect 
phosphorylation  of  p53  on  other  sites,  and/or  affect  transcriptional  activity  of  p53  toward  p21 . 


In  summary,  we  demonstrate  that  following  DNA  damage  Pinl  not  only  interacts  with  p53, 
but  also  increases  its  protein  stability  and  transcriptional  activity  towards  the  p21  promoter.  The 
biological  significance  of  the  Pinl  and  p53  interaction  is  further  substantiated  by  the  findings  that 
p53  and  p21  barely  increase  in  Pinl -deficient  or  depleted  fibroblasts  as  well  as  that  Pinl -deficient 
fibroblasts  fail  to  undergo  cell  cycle  arrest  after  DNA  damage.  These  results  indicate  that  Pinl  is  a 
new  regulator  of  p53  in  DNA  damage  response. 
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Figure  Legends 

Fig.  1.  DNA  Damage  Enhances  the  Specific  Interaction  between  Pinl  and  p53. 

(A,  B)  Interaction  between  Pinl  and  p53,  T47D  cells  were  treated  with  5  Gy  y-ray  (+IR)  or  mock- 
treated  (-IR)  and  cells  were  harvested  6  hr  later.  The  same  amount  of  lysates  (A)  or  lysates 
normalized  for  p53  (B)  were  subjected  to  immunoblotting  with  anti-p53  antibodies  directly  (left),  or 
after  GST  pulldown  experiment  with  agarose  beads  containing  GST  or  GST-Pinl  (right). 

(C,  D)  Coimmunoprecipitation  of  Pinl  and  p53.  The  same  amount  of  lysates  (C)  or  lysates 
normalized  for  p53  (D)  as  described  in  A  and  B  were  immunoprecipitated  with  anti-p53  or  non- 
related  antibodies  (Control),  followed  by  immunoblotting  with  anti-p53  or  -Pinl  antibodies. 

(E,  F)  Requirement  of  the  WW  domain  in  Pinl  as  well  as  the  Ser33  and  Ser46  residues  in  p53  for 
their  interaction.  24  hrs  after  transfection  with  p53  or  its  mutants,  HeLa  cells  were  irradiated, 
followed  by  immunoblotting  analysis  with  anti-p53  antibodies  (E).  The  same  cell  lysates  were 
incubated  with  beads  containing  either  GST,  GST-Pinl  or  GST-Pinlsl6E  (E)  and  bound  proteins 
were  subjected  to  immunoblotting  with  p53  antibodies  (F). 

Fig.  2.  Loss  or  Depletion  of  Pinl  Decreases  p53  Stability  and  p21  Induction  after  DNA 
Damage. 

(A,  B)  Pinl  ''  MEFs  lack  the  time-  and  dose-dependent  increase  of  p53  and  p21  after  DNA  damage. 
WT  or  Pinl'7’  MEFs  were  irradiated  with  the  indicated  doses  of  y-ray  and  then  harvested  6  hr  after 
irradiation  (A),  or  with  y-ray  and  harvested  at  the  indicated  time  points  (B),  Lysates  were  subjected 
to  immunoblotting  with  antibodies  against  p53,  p21  or  Pinl,  with  actin  or  tubulin  as  a  control. 

(C)  Lack  of  p53  and  p21  induction  after  DNA  damage  in  Pinl-inhibited  MEFs.  WT  MEFs  (first 
two  panels)  were  transfected  with  either  control  vector  or  anti-sense  Pinl  (PinlAS)  for  24  hrs.  Six 
hours  after  mock  (-)  or  irradiation  (+),  cells  were  subjected  to  immunoblotting  analysis. 

(D,  E)  Requirement  of  Pinl  for  stabilization  of  p53.  Pinl'7  MEFs  were  co-transfected  with  p53  and 
control  vector,  Pinl  or  its  S16E  mutant  for  24  hours,  followed  by  irradiation.  4  hrs  after  irradiation, 
cycloheximide  was  added  and  lysates  were  prepared  at  the  indicated  time  points,  followed  by 
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immunoblotting  with  anti-human  p53  (upper  panel)  or  anti-actin  (lower  panel)  antibodies  (D).  p53 
levels  were  semi-quantified  using  Imagequant  and  normalized  using  actin  as  an  internal  control. 

For  comparing  the  p53  stability  in  the  absence  or  presence  of  Pinl  or  its  mutant,  p53  levels  at  0  was 
defined  as  100%. 

(F,  G)  Requirement  of  Ser33/46  for  stabilization  of  p53,  p53  or  its  mutant  was  cotransfected  into 
Pinl'7'  MEFs  and  their  stability  was  assayed  as  described  in  D  and  E. 

Fig.  3.  Pinl  increases  p53  transactivation  towards  the  p21  promoter,  which  is  enhanced  by 
DNA  damage. 

(A)  Cooperation  between  Pinl  and  p53  in  activating  the  p21  promoter.  Cells  were  co-transfected 
with  expression  constructs  for  Pinl,  PinlAS,  WW  domain  Pinl  mutant  (Pinlsl6E,  Pinl W34A)  or 
PPIase  domain  Pinl  mutant  (PinlK63A)  and  p53  or  dominant-negative  p53  (dnp53),  together  with  a 
p21  luciferase  reporter  construct.  The  activity  of  the  reporter  luciferase  was  expressed  in  relative  to 
the  activity  in  control  vector  transfected  cells,  which  is  defined  as  1,0. 

(B)  DNA  damage  enhances  cooperation  between  Pinl  and  p53  in  activating  the  p21  promoter. 

Cells  were  co-transfected  with  indicated  expression  constructs  and  ap21  luciferase  reporter 
construct.  For  the  assays  in  the  last  two  sets  of  experiments  labeled  as  Mt  p21  promoter,  the  same 
p21  luciferase  construct  but  containing  a  mutated  p53  binding  site  was  used.  24  hr  after  transfection 
cells  were  mock-treated  (white  bars)  or  irradiated  (solid  bars),  followed  by  luciferase  assay. 


Fig.  4.  Loss  of  Pinl  Causes  Prominent  Defects  in  the  Cell  Cycle  Checkpoints  in  Response 
to  DNA  Damage. 

WT  or  Pinl  7' MEFs  were  subjected  to  mock  or  5  Gy  of  irradiation.  12  hr  later,  the  cells  were 
harvested  and  stained  with  propidium  iodide,  followed  by  flow  cytometry  to  determine  the  cell  cycle 
profile  (A)  with  the  cell  cycle  distribution  being  presented  in  (B). 
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Telomeric  protein  Pin2/TRF1  induces  mitotic  entry  and  apoptosis  in  cells 
with  short  telomeres  and  is  down-regulated  in  human  breast  tumors 
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Telomeres  are  essential  for  cell  survival  and  have  been 
Implicated  In  the  mitotic  control.  The  telomeric  protein 
Pin2/TRF1  controls  telomere  elongation  and  its  expres¬ 
sion  is  tightly  regulated  during  cell  cycle.  We  previously 
reported  that  overexpression  of  Pin2/TRF1  affects 
mitotic  progression.  However,  the  role  of  Pin2/TRF1 
at  the  interface  between  cell  division  and  cell  survival 
remains  to  be  determined.  Here  we  show  that  over¬ 
expression  of  Pin2  induced  apoptosis  In  cells  containing 
short  telomeres,  but  not  in  cells  with  long  telomeres. 
Furthermore,  before  entering  apoptosis,  Pin2-expressing 
cells  first  accumulated  in  mitosis  and  strongly  stained 
with  the  mitosis-specific  MPM2  antibody.  Moreover, 
Pin2-induced  apoptosis  is  potentiated  by  arresting  cells 
in  mitosis,  but  suppressed  by  accumulating  cells  in  Gl,  In 
addition,  overexpression  of  Pin2  also  resulted  in 
activation  of  caspase-3,  and  its  proapoptotic  activity 
was  significantly  reduced  by  inhibition  of  caspase-3. 
These  results  indicate  that  up-regulation  of  Pin2/TRF1 
can  specifically  induce  entry  into  mitosis  and  apoptosis, 
likely  via  a  mechanism  related  to  activation  of  caspase-3. 
Significantly,  we  also  found  that,  out  of  51  human  breast 
cancer  tissues  and  10  normal  controls  examined,  protein 
levels  of  Pin2/TRF1  in  tumors  were  significantly  lower 
than  in  normal  tissues,  as  detected  by  immunoblotting 
analysis  and  immunocytochemistry.  Since  down-regula¬ 
tion  of  Pin2/TRF1  allows  cells  to  maintain  long 
telomeres,  these  results  suggest  that  down-regulation  of 
Pin2/TRF1  may  be  important  for  cancer  cells  to  extend 
their  proliferative  potential.  Oncogene  (2001)  20, 
1497-1508. 

Keywords:  apoptosis;  cancer;  cell  cycle;  pin2/TRFl; 
telomeres;  telomeric  protein 


Introduction 

Telomeres  are  essential  for  preserving  chromosome 
integrity  during  cell  division.  Telomeres  are  composed 
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of  repetitive  DNA  sequences  of  TTAGGG  arrays 
concealed  by  a  complex  of  telomeric  proteins  that 
protects  the  ends  from  exonucleolytic  attack,  fusion 
and  incomplete  replication  (Greider  and  Blackburn, 
1996;  Lundblad,  2000;  Zakian,  1995).  There  is  growing 
evidence  suggesting  that  both  the  shielding  of  telomeric 
ends  and  their  elongation  are  dependent  on  telomere¬ 
binding  proteins.  For  example,  homeostasis  of  telomere 
length  in  budding  and  fission  yeast  cells  requires  the 
telomeric  proteins  Raplp  and  Tazl,  respectively 
(Cooper  et  al ,  1997;  Krauskopf  and  Blackburn,  1996; 
Marcand  et  al ,  1997).  Mutagenesis  analyses  of 
telomeric  sequences  of  Kluyveromyces  lactis  also 
suggest  that  telomere  length  is  modulated  by  proteins 
that  bind  to  double  strand  telomeric  DNA  (McEachern 
and  Blackburn,  1995).  Telomere  maintenance  in 
mammalian  cells  is  also  regulated  by  telomere  binding 
proteins,  including  TRF1  and  TRF2  (Chong  et  al , 
1995;  van  Steensel  and  de  Lange,  1997),  TRF1  has 
been  shown  to  negatively  regulate  telomere  mainte¬ 
nance;  overexpression  of  TRF1  accelerates  telomere 
shortening,  whereas  dominant-negative  TRF1  increases 
telomere  elongation  (van  Steensel  and  de  Lange,  1997), 
These  results  indicate  that  telomere-binding  proteins 
play  a  pivotal  role  in  telomere  metabolism. 

Several  observations  link  telomeres  to  mitotic  pro¬ 
gression,  In  Drosophila ,  deletion  of  telomeres  triggers 
mitotic  arrest  and  apoptosis  (Ahmad  and  Golic,  1999). 
In  fission  yeast,  telomeres  are  clustered  at  the  nuclear 
periphery  in  G2,  but  this  association  is  disrupted  in 
mitosis  (Funabiki  et  al ,  1993),  and  telomeres  have  been 
shown  to  mediate  the  attachment  of  chromosomes  to 
spindle  bodies  and  lead  chromosome  movement  in 
meiotic  prophase  (Chikashige  et  al ,  1994).  In  budding 
yeast,  elimination  of  telomeres  causes  a  Rad9p- 
mediated  cell  cycle  arrest  in  G2  in  budding  yeast 
(Sandell  and  Zakian,  1993)  and  mutations  in  the  related 
TEL1  and  MEC1  genes  result  in  shortened  telomeres, 
G2/M  checkpoint  defect  and  genomic  instability 
(Greenwell  et  al,  1995;  Sanchez  et  al,  1996).  Similarly, 
mutations  in  its  human  counterpart,  the  ATM  gene, 
causes  ataxia-telangiectasia  (AT)  both  in  humans  and 
mice,  displaying  a  wide  range  of  abnormalities, 
including  those  related  to  telomere  dysfunction  (Barlow 
et  al,  1996;  Elson  et  al,  1996;  Savitsky  et  al,  1995; 
Xu  et  al,  1996;  Xu  and  Baltimore,  1996),  More 
interestingly,  cell  lines  derived  from  AT  patients  have 
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shortened  telomere  lengths  (Metcalfe  et  aL,  1996; 
Pandita  et  aL ,  1995;  Xia  et  ah ,  1996)  and  defected 
G2/M  checkpoint  (Beamish  er  a/.,  1994;  Rudolph  and 
Latt,  1989).  Finally,  mutations  in  the  Tetrahymena 
telomeric  DNA  sequence  has  been  shown  to  cause  a 
block  in  anaphase  chromosome  separation  (Kirk  et  aL , 
1997).  Collectively,  these  results  suggest  that  telomeres 
may  be  important  for  regulation  of  mitosis.  However, 
little  is  known  about  the  identity  and  function  of  the 
signaling  molecule(s)  involved  in  this  process. 

We  independently  isolated  the  telomere-binding 
protein  Pin2  as  a  one  of  three  proteins,  Pinl  -3,  which 
interact  with  NIMA  kinase  that  is  an  essential  mitotic 
kinase  in  Aspergillus  nidulans  (Lu  et  aL ,  1996). 
Characterization  of  these  Pin  proteins  shows  that  they 
are  all  involved  in  mitotic  regulation  (Lu,  2000).  Pinl 
binds  and  regulates  the  function  of  a  subset  of 
phosphoproteins  by  controlling  the  conformation  of 
specific  phosphorylated  Ser/Thr-Pro  motifs  (Lu  et  aL, 
1999a, b;  Shen  et  aL,  1998;  Yaffe  et  aL,  1997;  Zhou  et 
aL,  2000).  Pin2  is  identical  in  the  sequence  to  TRF1 
apart  from  an  internal  deletion  of  20  amino  acids 
(Shen  et  aL,  1997).  TRF1  and  Pin2  are  likely  two 
alternatively  spliced  isoforms  of  the  same  gene  PIN2/ 
TRF1,  as  suggested  by  Young  et  aL  (1997),  For  clarity, 
we  will  here  use  Pin2  for  the  20  amino  add  deletion 
isoform  and  TRF1  for  the  20  amino  acid  containing 
isoform,  as  they  were  originally  identified  (Chong  et 
aL,  1995;  Shen  et  aL  1997),  and  will  refer  to  the 
endogenous  Pin2  and  TRF1  proteins  as  Pin2/TRF1 
since  it  is  difficult  to  physically  or  functionally  separate 
these  isoforms  at  the  present  time.  However,  we  have 
shown  that  Pin2  is  5 -10-fold  more  abundant  than 
TRF1  in  the  cells  and  the  expression  level  of  Pin2/ 
TRF1  is  tightly  regulated  during  the  cell  cycle  (Shen  et 
aL,  1997).  Both  Pin2  and  TRF1  contain  a  D-like  motif 
similar  to  the  destruction  box  present  in  many  mitotic 
proteins,  and  their  protein  levels  are  significantly 
increased  in  late  G2  and  mitosis  and  then  degraded 
as  cells  exit  from  mitosis.  Furthermore,  overexpression 
of  Pin2  or  TRF1  resulted  in  accumulation  of  the  cells 
in  G2  or  M  phase  of  the  cell  cycle  (Shen  et  aL,  1997), 
Although  these  results  together  suggest  that  Pin2/ 
TRF1  may  affect  mitotic  progression,  it  is  not  clear 
whether  Pin2/TRF1  has  any  specific  effect  on  mitosis. 
Furthermore,  it  is  unknown  why  overexpression  of 
Pin2/TRF1  has  no  effect  on  the  cell  cycle  in  some  cells 
(van  Steensel  and  de  Lange,  1997). 

Here,  we  describe  that  overexpression  of  Pin2 
induced  entry  into  mitosis  and  apoptosis  only  in  cells 
with  short  telomeres,  but  not  in  cells  with  long 
telomeres.  Moreover,  Pin2-induced  apoptosis  is  poten¬ 
tiated  by  mitotic  arrest,  but  not  suppressed  by  G1 
arrest.  Importantly,  Pin2  overexpression  induced 
activation  of  caspase-3,  a  key  executioner  of  apoptosis, 
and  its  ability  to  induce  apoptosis  was  significantly 
suppressed  by  inhibition  of  caspase-3.  These  results 
have  demonstrated  that  Pin2/TRF1  can  specifically 
affect  the  cell  cycle,  triggering  mitotic  entry  and 
apoptosis  in  the  cells  containing  short  telomeres. 
Consistent  with  a  potential  role  of  Pin2/TRF1  in 


regulation  of  cell  survival,  we  found  that  protein  levels 
of  Pin2/TRF1  were  significantly  reduced  in  human 
breast  cancer  tissues,  as  compared  with  those  in  normal 
controls.  Since  down-regulation  of  Pin2/TRF1  allows 
cells  to  maintain  long  telomeres  (van  Steensel  and  de 
Lange,  1997),  these  results  suggest  that  down-regula¬ 
tion  of  Pin2/TRF1  may  be  important  for  cancer  cells 
to  divide  continuously. 


Results 

Overexpression  of  Pin2  induces  apoptosis  in  HeLa  cells 

We  previously  showed  that  ectopic  expression  of  Pin2 
or  TRF1  in  HeLa  cells  caused  accumulation  of  cells 
with  4N  DNA  content  (Shen  et  aL,  1997),  which  is 
normally  observed  in  G2  and/or  M  phase  of  the  cell 
cycle.  To  further  characterize  this  Pin2/TRF1  -induced 
phenotype,  we  transfected  cDNA  constructs  for  Pin2 
and  TRF1  into  HeLa  cells  and  A-T22IJE-T,  A- 
T22IJE-T  cells  were  originally  derived  from  primary 
A-T  fibroblasts  and  contain  no  ATM  protein  (Ziv  et 
aL,  1989),  After  transient  expression,  two  proteins  were 
detected  in  the  nucleus  of  cells  8  h  after  transfection  by 
indirect  immunofluorescence.  However,  cells  expressing 
Pin2  or  TRF1  rounded  up  and  died  after  28-32  h,  and 
a  few  cells  were  detectable  at  72  h,  suggesting  that  Pin2 
and  TRF1  were  toxic  to  the  cells.  To  visualize 
surviving  Pin2/TRF1 -expressing  cells,  we  co-trans- 
fected  cells  with  a  /?-gal  expression  construct.  After 
co-transfection  of  HeLa  or  A-T22IJE-T  cells  with  Pin2 
or  TRF1  and  jff-gal  constructs,  the  number  of  X-gal- 
stained  surviving  blue  cells  was  significantly  reduced,  as 
compared  with  that  of  empty  vector-  or  antisense  Pin2- 
transfected  cells  (Figure  1,  data  not  shown).  Since  there 
was  no  detectable  difference  in  phenotypic  changes 
induced  by  Pin2  or  TRF1  (Table  1),  we  focused  on 
Pin2  for  subsequent  experiments. 

The  morphological  changes  of  Pin2-expressing  cells 
were  suggestive  of  apoptosis.  To  confirm  that  over¬ 
expression  of  Pin2  indeed  induces  apoptosis,  we  first 
used  the  TUNEL  assay,  which  detects  apoptosis- 
specific  DNA  breaks  (Douglas  et  aL,  1998;  Gavrieli 
et  aL,  1992).  To  detect  transfected  cells  by  flow 
cytometry,  HeLa  cells  were  co-transfected  with  CD20, 
as  described  (Zhu  et  aL,  1993),  Whereas  there  were  less 
than  0.4- 1.0%  TUNEL-positive  cells  in  vector- 
transfected  cells,  about  15-20%  of  TUNEL-positive 
cells  were  detected  in  a  Pin2-transfected  cell  population 
(data  not  shown).  To  directly  observe  morphological 
changes  of  Pin2-expressing  cells,  we  inserted  green 
fluorescence  protein  (GFP)  at  the  NH2-terminal  end  of 
the  Pin2  cDNA,  After  28  h  transfection,  38%  of  GFP- 
Pin2-expressing  HeLa  cells  and  56%  of  GFP-Pin2- 
expressing  A-T22IJE-T  rounded  up  and  the  condensed 
chromatin  became  fragmented,  with  the  formation  of 
micronuclei  (Figure  2a,  also  see  4a),  which  are 
characteristic  of  apoptotic  cells.  When  Pin2-transfected 
cells  were  subjected  to  flow  cytometry  after  staining 
with  propidium  iodide,  as  shown  later  in  Figure  5b, 


Oncogene 


Apoptosis  Induced  by  telomeric  protein  Pin2/TRF1 

$  Kishi  et  ai 


A  Vector  Pin2 


Figure  1  Expression  of  Pin2/TRFI  affects  cell  viability  in  a 
concentration-dependent  manner.  HeLa  cells  were  cotransfected 
with  different  amounts  of  the  Pin2/TRF1  expression  construct  or 
control  vector,  together  a  pSV2-lacZ  reporter  construct.  Cells 
were  fixed  at  60  h  after  transfection,  stained  with  X-gal  and 
examined  microscopically  (a).  Arrows  point  to  dead  cells.  The 
number  of  surviving  blue  cells  were  counted  and  presented  in  (b) 


about  25%  of  GFP-Pin2-expressing  HeLa  cells  con¬ 
tained  a  sub-Gl  DNA  content,  which  is  another 
feature  of  apoptosis.  These  multiple  assays  confirmed 
that  ectopic  expression  of  Pin2  can  induce  apoptosis  in 
HeLa  and  A-T22IJE-T  cells. 

The  ability  of  Pin2  to  induce  apoptosis  depends  on  the 
concentration  of  unbound  Pin2  and  telomere  length 
in  the  cell 

After  establishing  that  Pin2/TRF1  induces  apoptosis, 
we  examined  its  relationship  to  telomeres.  Since  the  C- 
terminal  Myb-type  DNA-binding  domain  of  Pin2/ 
TRF1  binds  telomeric  DNA  repeats  and  is  also 
required  for  Pin2/TRF1  to  inhibit  telomere  elongation 


and  to  affect  mitotic  progression  (Shen  et  al ,  1997;  van 
Steensel  and  de  Lange,  1997),  we  examined  whether 
this  domain  is  required  for  Pin2  to  induce  apoptosis. 
Although  two  C-terminal  truncation  mutants,  Pm2!^72 
and  Pin21-316  were  expressed  in  cells  at  levels  that  were 
similar  to  that  of  wild-type  protein,  they  were  not 
localized  at  telomeres  (Figure  2),  as  shown  previously 
(Shen  et  aL ,  1997;  van  Steensel  and  de  Lange,  1997).  In 
contrast  to  wild-type  Pin2,  neither  of  the  truncation 
mutants  induced  apoptosis  in  HeLa  (data  not  shown) 
or  A-T22IJE-T  cells  and  less  than  10%  of  transfected 
cells  were  apoptotic  (Figure  2a -e).  These  results 
indicate  that  the  full-length  Pin2,  including  telomeric 
DNA-binding  domain  is  required  for  apoptosis  induc¬ 
tion,  To  further  examine  whether  the  ability  of  Pin2  to 
induce  apoptosis  depends  on  the  actual  binding  of  the 
full-length  Pin2  to  the  telomeric  DNA,  we  introduced 
triple  Ala  substitutions  into  three  residues  in  Pin2, 
Lys401,  Asp402  and  Arg403.  These  three  residues  are 
highly  conserved  in  Myb-type  DNA-binding  domains 
of  telomeric  proteins  and  are  also  involved  in  binding 
telomeric  DNA,  as  revealed  by  determining  the  crystal 
structure  of  the  DNA-binding  domain  of  yeast  RAP1 
in  complex  with  telomeric  DNA  (Konig  et  al ,  1996). 
When  the  triple  Pin2  mutant  (Pin23A)  expression 
construct  was  transfected  into  HeLa  cells,  the  mutant 
protein  was  detected  in  the  nucleus,  but  not  at 
telomeres  (Table  1),  as  expected.  However,  Pin23A  still 
induced  apoptosis  (Table  1).  These  results  indicate  that 
apoptosis  is  induced  by  the  full-length  Pin2  protein, 
but  its  telomeric  binding  is  not  required,  suggesting 
that  apoptosis  is  likely  due  to  a  high  concentration  of 
unbound  PIn2. 

Since  apoptosis  induced  by  inhibition  of  telomerase 
depends  on  telomere  length  (Hahn  et  al,  1999;  Herbert 
et  al ,  1999;  Zhang  et  al ,  1999),  we  asked  whether 
telomere  length  affected  the  ability  of  Pin2  to  induce 
apoptosis.  To  address  this  question,  we  compared  the 
ability  of  Pin2  to  induce  apoptosis  in  six  cell  lines  with 
different  telomere  lengths,  including  HeLal.2,11,  which 
is  derived  from  HeLa  cells.  In  contrast  to  most  HeLa 
cells  that  contain  short  telomeres  (1-3  kb), 
HeLa  1,2. 11  cells  have  rather  long  telomeres  (15- 
30  kb)  (Table  1)  (Ishibashi  and  Lippard,  1998). 
Interestingly,  Pin2  potently  induced  the  apoptotic 
phenotype  in  three  different  cell  lines,  HeLa,  A- 
T22IJE-T  and  A431,  all  of  which  contain  short 
telomeres  (Figure  3a,  Table  2)  (Metcalfe  et  al ,  1996; 
Pandita  et  al ,  1995;  Xia  et  al ,  1996;  Zhang  et  al , 
1999),  In  contrast,  Pin2  almost  completely  failed  to 
induce  significant  apoptosis  in  three  other  cell  lines, 
HeLa  1.2. 11  and  293  and  HT1080,  which  contain  long 
telomeres  (Table  2)  (Ishibashi  and  Lippard,  1998;  van 
Steensel  and  de  Lange,  1997;  Zhang  et  al ,  1999).  For 
example,  in  HeLal.2.11  cells,  expressed  GFP-Pin2  was 
highly  concentrated  at  telomeres,  displaying  a  very 
prominent  speckled  pattern  without  affecting  cell 
viability  (Figure  3b),  which  is  consistent  with  the  fact 
that  these  cells  have  long  telomeres  (Ishibashi  and 
Lippard,  1998).  These  results  show  that  the  ability  of 
Pin2  to  induce  apoptosis  at  least  in  part  depends  on 
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Expression  constructs  expressing  GFP-Pin2  or  TRF1  or  its  various  mutants  were  transfected  into  HeLa  cells.  Cells  were  fixed  at  28  h  after 
transfection,  and  stained  with  DA  PI,  followed  by  determining  percentage  of  cells  displaying  apoptotie  phenotype  in  at  least  300  GFP-positive 
cells.  The  results  represent  the  mean±s,d.  of  at  least  three  experiments.  The  telomeric  binding  of  TRF1,  Pin2  and  its  truncation  mutants  was 
reported  previously  (Shen  et  ah ,  1997)  and  the  same  method  was  used  to  determine  the  telomeric  binding  of  Pin23A,  NH2~terminal  GFP  box, 
GFP  epitope  tag  inserted  at  the  NH2-terminus;  DB,  the  Myb-type  DNA-binding  domain  that  binds  the  telomeric  DNA  repeats;  NLS,  nuclear 
localization  signal;  I,  20  amino  acid  insert  unique  to  TRF1 
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Figure  2  Expression  of  Pin2,  but  its  telomere-binding  mutants,  induces  apoptosis.  A-T22IJE-T  and  HeLa  cells  were  transfected 
with  expression  constructs  encoding  GFP-Pin2  (a)  or  its  COOH-terminal  truncation  mutants,  GFP-  Pin21~'372  (b)  or  -  Pin21-316  (c). 
Cells  were  fixed  at  30  h  after  transfection  and  stained  with  DAPL  Similar  results  were  also  obtained  in  HeLa  cells  (not  shown). 
Arrows  point  to  transfected  cells.  GFP  alone  did  not  induce  apoptosis  (not  shown) 
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Figure  3  Expression  of  Pin2  induces  apoptosis  in  A431  cells,  but  not  in  HeLal.2.11  cells.  A431  (a)  and  HeLa  1.2,11  (b)  cells  were 
transfected  with  a  GFP-Pin2  construct  or  the  control  GFP  vector  for  2B  h,  then  fixed  and  stained  with  DAPI,  followed  by 
microscopy.  Arrows  point  to  Pin2-expres$ing  cells.  GFP  alone  did  not  induce  apoptosis  (data  not  shown) 


Table  2  Pin2  induces  apoptosis  in  cells  with  short  telomeres,  but  not 
_ _ in  cells  with  long  telomeres 


Cell  One 

Telomere 

length 

Pirt2-induced 

apoptosis 

HeLa 

Short  (1-3  kb)a 

+ 

A-T22IJE-T 

Short  (1-4  kb)b 

+ 

A431 

Short  (1  -3  kb)' 

+ 

HeLa  1.2.11 

Long  (15-30  kb)d 

— 

293 

Long  (6- 12  kb)' 

_ 

HT1080 

Long  (4-9  kb)' 

- 

Various  cell  lines  were  transfected  with  GFP-Pin2  expression 
construct  or  control  GFP  vector  for  30  h  and  then  fixed  and 
stained  with  DAPI,  followed  by  determining  percentage  of  cells 
displaying  apoptotic  phenotype  in  total  GFP-positive  cells.  3Telomere 
length  in  HeLa  cells  used  was  about  1  -  3  kb,  determined  as  described 
in  Materials  and  methods  (data  not  shown);  telomere  length  in  all 
A-T  cell  lines  examined  is  reported  to  be  1-4  kb  (Pandita  et  a/., 
1995;  Xia  et  at. ,  1996;  Metcalfe  et  al„  1996),  although  telomere  length 
in  A-T22IJE-T  cell  line  has  not  been  specifically  determined; 
cTelomere  length  in  A431  and  293  is  reported  to  be  1-3  and  10- 
12  kb  respectively  (Zhang  et  al ,  1999);  dTelomere  length  in 
HeLa 1. 2. 11  is  reported  to  be  15-30  kb  (Ishibashi  and  Lippard, 
1998);  'Telomere  length  in  HT1080  is  reported  to  be  4-9  kb  (van 
Steensel  and  de  Lange,  1997);  +,  Apoptotic  phenotype  is  easily 
detected  in  30-55%  of  GFP-Pin2-expre$sing  cells;  — ,  Apoptotic 
phenotype  is  detected  below  5-12%  of  GFP-Pin2-expressing  cells, 
which  were  similar  to  control  GFP-expressing  cells 


telomere  length.  These  results  are  also  consistent  with 
our  findings  that  the  ability  of  Pin2  to  induce  apoptosis 
depends  on  the  concentration  of  unbound  PIn2. 

Overexpression  of  Pin2  induces  mitotic  entry  and 
apoptosis 

To  examine  whether  Pin2  specifically  affects  cell  cycle 
progression  before  inducing  apoptosis,  we  performed  a 
detailed  time  course  analysis  of  morphological  changes 
of  Pin2-transfected  cells.  At  12-16  h  after  transfec¬ 
tion,  GFP-Pin2  was  primarily  localized  in  the  nucleus 


with  punctate  speckles  during  interphase,  and  was 
concentrated  at  telomeres  with  some  diffuse  staining 
all  over  the  cells  in  the  mitotic  stage  (Figure  4a)" 
These  patterns  of  the  localization  were  similar  to  those 
of  endogenous  Pin2/TRF1  (Shen  et  al ,  1997;  van 
Steensel  and  de  Lange,  1997),  indicating  that  GFP 
does  not  affect  the  localization  of  the  Pin2  proteins. 
Importantly,  the  number  of  mitotic  cells  was  sig¬ 
nificantly  increased  in  the  population  of  GFP-Pin2- 
expressing  cells  during  the  period  of  20-24  h  after 
transfection  (Figure  4a, b).  However,  these  Pin2- 
transfected  cells  apparently  did  not  progress  through 
normal  mitosis.  Instead,  the  condensed  chromatin 
eventually  seemed  to  become  fragmented  and  micro¬ 
nuclei  were  formed  (Figure  4a,b),  a  phenotype 
characteristic  of  apoptotic  cells.  These  results  suggest 
that  ectopic  expression  of  PIn2  leads  to  entry  into 
mitosis,  which  is  followed  by  apoptosis. 

If  Pin2  first  induces  mitotic  entry  and  then  apoptosis, 
there  are  at  least  two  predictions.  First,  Pin2-induced 
apoptotic  cells  would  have  some  mitosis-specific 
markers  and,  second,  Pin2-induced  apoptosis  would 
be  increased  if  cells  are  arrested  at  mitosis  by  other 
approaches,  but  decreased  if  cells  are  not  allowed  to 
enter  mitosis.  To  examine  the  first  prediction,  we 
stained  Pin2-transfected  cells  with  the  phospho-specific 
MPM-2  monoclonal  antibody  because  MPM-2  specifi¬ 
cally  recognizes  a  subset  of  mitosis-specific  phospho- 
proteins  and  has  been  widely  used  as  a  maker  for 
mitotic  cells  (Davis  et  a/,,  1983;  Matsumoto-Taniura  et 
al ,  1996;  Vandre  et  al ,  1986;  Westendorf  et  al ,  1994; 
Yaffe  et  al ,  1997),  As  shown  in  Figure  4c,  most  Pin2- 
expressing  cells  were  strongly  stained  with  MPM-2  20- 
24  h  after  transfection.  This  staining  was  also  observed 
in  Pin2-expressing  apoptotic  cells  even  28-32  h  after 
transfection,  although  at  a  weaker  intensity  (Figure  4c), 
This,  however,  is  expected  because  it  is  Impossible  to 
maintain  the  high  level  of  mitotic  phosphorylation  at 
such  a  stage  of  apoptosis.  These  results  confirm  that 
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cells  were  transfected  with  TM-GFP,  both  GFP- 
positive  and  -negative  cells  were  almost  completely 
arrested  at  mitosis  after  nocodazole  treatment.  Lovas- 
tatin  treatment  significantly  increased  G1  cells  and 
reduced  S  phase  cells,  although  the  arrest  was  not 
complete  (Figure  5a),  as  shown  previously  (Jakobisiak 
et  al ,  1991;  Keyomarsi  et  al ,  1991).  This  is  likely  due 
to  the  difficulty  in  completely  synchronizing  HeLa  cells 
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(Keyomarsi  et  aL ,  1991).  Furthermore,  sub~Gl  apop- 
totic  eells  were  rather  minimal  (Figure  5a).  These 
results  indicate  that  nocodazole  and  lovastatin  do 
produce  the  expected  cell  cycle  arrests,  which  are  not 
significantly  affected  by  GFP.  When  the  cells  were 
transfected  with  GFP-Pin2,  the  cell  cycle  profiles  of  the 
non-transfected  cells  were  similar  to  those  of  the 
control  cells  (Figure  5b,  GFP—).  However,  in  GFP- 
Pin2-positive  cells,  about  25%  of  cells  were  apoptotic, 
as  indicated  by  the  sub-Gl  DNA  content  (Figure  5b, 
GFP+).  This  Pin2-induced  apoptosis  was  reduced  to 
7%  after  lovastatin  treatment,  but  dramatically  in¬ 
creased  to  48%  after  nocodazole  treatment  (Figure  5b). 
These  results  indicate  that  Pin2-indueed  apoptosis  is 
dramatically  increased  if  cells  are  arrested  at  mitosis, 
but  decreased  if  cells  are  arrested  in  Gl.  Taken 
together,  the  above  results  indicate  that  overexpression 
of  Pin2  induces  entry  into  mitosis  and  apoptosis. 

Overexpression  of  Pin2  results  in  activation  of  capase-3 

After  establishing  that  overexpression  of  Pin2  induces 
mitotic  entry  and  apoptosis,  we  asked  whether  Pin2 
activates  caspase-3,  because  during  apoptosis  caspase-3 
is  a  key  executioner  that  is  responsible  either  partially 
or  totally  for  the  proteolytic  cleavage  of  many  essential 
proteins  (Cryns  and  Yuan,  1998).  Activation  of 
caspase-3  requires  proteolytic  processing  of  its  inactive 
form  into  activated  two  subunits,  pi 7  and  pi 2 
(Nicholson  et  aL ,  1995).  Since  cleaved  caspase-3 
antibodies  can  detect  the  fragments  of  activated 
caspase-3,  it  is  possible  to  examine  the  activity  of 
caspase-3  in  cells  using  flow  cytometry,  as  shown 
previously  (Belloc  et  aL ,  2000).  To  examine  the  effect 
of  overexpression  of  Pin2  on  activation  of  caspase-3, 
we  transfected  cells  either  with  GFP-Pin2  or  membrane 
targeted  TM-GFP  for  30  h.  Cells  were  stained  with  the 
cleaved  caspase-3  antibodies  and  immunoreactivity  of 
GFP-positive  and  -negative  cells  was  determined  by 
flow  cytometry.  As  shown  in  Figure  6a,  the  fluores¬ 
cence  intensity  of  cleaved  caspase-3  was  significantly 
increased  in  cells  expressing  GFP-Pin2,  as  compared 
with  that  of  GFP-negative  cells  in  the  same  transfec¬ 
tion  population.  In  contrast,  the  fluorescence  intensity 
of  cleaved  caspase-3  showed  little  difference  between 
TM-GFP-positive  and  -negative  cells.  These  results 
indicate  that  caspase-3  is  specifically  activated  in  GFP- 
Pin2-transfected  cells.  To  examine  the  significance  of 
the  capase-3  activation,  we  used  the  caspase-3  inhibitor 
DEVD-CHO.  As  shown  in  Figure  6b,  the  caspase-3 
inhibitor  significantly  suppressed  the  ability  of  Pin2  to 
induce  apoptosis.  These  results  indicate  that  Pin2  is 
able  to  activate  caspase-3  and  that  caspase-3  is  a 
downstream  mediator  of  Pin2-induced  apoptosis. 

Expression  of  Pin2/TRF1  is  down-regulated  in  human 
breast  cancer  samples 

It  has  been  previously  shown  that  overexpression  of 
TRF1  induces  telomere  shortening  (van  Steensel  and 
de  Lange,  1997),  We  show  that  overexpression  of  Pin2 


GFP  GFP-PIn2 

Figure  6  Overexpression  of  Pin2  leads  activation  of  capase-3 
and  inhibition  of  capase-3  suppresses  Pin2-induced  apoptosis,  (a) 
After  28  h  of  transfection  with  expression  construct  encoding 
GFP-Pin2  or  the  membrane  targeted  GFP  (TM-GFP),  HeLa  cells 
were  fixed  and  immunostained  with  cleaved  caspase-3  antibodies 
and  GFP-positive  and  -negative  cells  were  sorted  out  and  their 
immunoreactivity  was  determined  by  flow  cytometry.  Note,  since 
regular  GFP  is  leaked  from  cells  after  ethanol  fixation,  TM-GFP 
was  instead  used  as  a  control,  (b)  Cells  were  pre-incubated  with 
10  pm  of  Ae-DEVD-CHO  and  then  transfected  with  GFP-Pin2  or 
control  GFP.  Thirty  hours  later,  cells  were  fixed  and  stained  with 
DAPI,  followed  by  determining  percentage  of  apoptotic  cells  in 
total  GFP-positive  cells 


or  TRF1  induces  apoptosis.  These  results  led  us  to 
suspect  that  expression  of  Pin2/TRF1  may  be  reduced 
in  cancer,  where  telomeres  have  to  be  maintained  and 
apoptosis  is  often  inhibited.  To  examine  this  possi- 
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bility,  we  compared  protein  levels  of  Pin2/TRF1  in 
normal  human  breast  and  breast  cancer  tissues  using 
immunohistochemistry  and  immunoblotting  with  affi- 
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Figure  7  Down-regulation  of  Pin2/TRF1  expression  in  human 
breast  cancer  samples,  (a,  b)  Immunostaining  of  Pin2/TRF1  in 
normal  (a)  and  cancerous  (b)  human  breast  tissues.  Fixed  breast 
cancer  sections  were  subjected  to  immunostaining  with  affinity- 
purified  anti-Pin2/TRFl  antibodies.  Magnification:  40  x ,  (c) 
Comparison  of  Pin2/TRF1  levels  in  selected  normal  and 
cancerous  human  breast  tissues.  Breast  tissues  obtained  from 
three  normal  and  six  breast  cancer  patients  were  powderized  and 
the  same  amounts  of  total  protein  were  directly  separated  on 
SDS-containing  gels  and  transferred  to  membranes.  The 
membranes  were  cut  into  two  pieces  and  subjected  to  immuno¬ 
blotting  analysis  using  antibodies  against  to  Pin2/TRF1  and  actin, 
respectively 


nity-purified  anti-PIn2/TRFl  antibodies.  Pin2/TRF1 
was  readily  detected  in  ductal  epithelial  cells,  con¬ 
nective  tissue  and  blood  vessels  in  normal  breast  tissues 
(Figure  7a).  Furthermore,  Pin2/TRF1  staining  was 
primarily  in  the  nucleus  (Figure  7a),  as  shown 
previously  (Shen  et  al ,  1997;  van  Steensel  and  de 
Lange,  1997).  However,  infiltrating  carcinoma  cells 
displayed  much  weaker  staining  with  the  Pin2/TRF1 
antibodies  (Figure  7b).  To  ensure  that  these 
signals  indeed  represent  Pin2/TRF1,  the  Pin2/TRF1- 
specific  antibodies  were  depleted  using  GST-Pin2  beads 
prior  to  immunostaining.  The  Pin2/TRF1  -depleted 
antibodies  showed  no  immunoreactivity  (data  not 
shown),  confirming  the  specificity  of  the  antibodies, 
as  described  (Shen  et  al ,  1997). 

To  confirm  the  immunostaining  results,  fresh  normal 
or  tumor  breast  tissues  were  ground  in  liquid  nitrogen 
and  lysates  were  directly  subjected  to  immunoblotting 
analysis,  followed  by  semi-quantification  of  protein 
levels  using  ImageQuant,  as  described  (Lu  et  al , 
1999a).  As  an  internal  control,  we  used  actin,  with 
the  PIn2/TRFl  level  in  each  sample  being  expressed  as 
a  ratio  between  Pin2/TRF1  and  actin.  Out  of  10 
normal  and  51  primary  human  breast  cancer  tissues 
examined,  we  observed  that  levels  of  Pin2/TRF1 
protein  in  all  neoplastic  breast  tissues  were  significantly 
lower  that  those  present  in  normal  control  tissues 
(Figure  7c,  Table  3).  Together,  both  immunostaining 
and  immunoblotting  analyses  indicate  that  expression 
of  PIN2/TRF1  is  significantly  down-regulated  in  most 
breast  cancer  samples  examined. 


Discussion 

We  have  demonstrated  that  up-regulation  of  Pin2 
function  results  in  mitotic  entry  and  then  apoptosis. 
Interestingly,  this  phenotype  depends  on  the  concen¬ 
tration  of  unbound  Pin2  and  on  telomere  length  in  the 
cells.  Furthermore,  overexpression  of  PIn2  leads  to 
activation  of  caspase-3  and  inhibition  of  caspase-3 
significantly  suppresses  the  ability  of  Pin2  to  induce 
apoptosis.  These  results  indicate  that  overexpression  of 
Pin2  specifically  induces  mitotic  entry  and  apoptosis 


Table  3  Comparison  of  Pin2/TRF1  levels  in  normal  and  neoplastic 
breast  tissues 


Number 
of  cases 

Age 

range 

Pin2fTRFl 

levels 

(X±SU) 

P 

value 

Normals 

10 

22-91 

2.517±  1.635 

0.0004 

Tumors 

51 

28-90 

0.835+0.565 

The  patient  cohort  included  47  invasive  breast  carcinoma  and  four 
ductal  carcinoma  in  situ.  Levels  of  Pin2/TRF1  in  tissues  were 
determined  by  immunoblotting  analysis  and  semi-quantified  using 
ImageQuant  software,  with  the  results  being  expressed  as  a  ratio 
between  Pin2/TRF1  and  actin  in  each  tissue.  The  significance  of  the 
differences  in  Pin2/TRF1  levels  between  normal  controls  and  tumors 
was  analysed  using  the  Kruskall -Wallis  test 
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likely  via  a  mechanism  that  is  related  to  telomere 
dysfunction.  Finally,  we  found  that  levels  of  Hn2/ 
TRF1  are  significantly  reduced  in  human  breast  cancer 
tissues,  as  compared  with  those  in  the  normal  control. 
Together  with  that  down-regulation  of  Pin2/TRF1 
allows  cells  to  maintain  long  telomeres,  these  results 
suggest  that  down-regulation  of  Pin2/TRF1  may  be 
important  for  the  growth  of  cancer  cells. 

Several  results  support  that  the  effects  of  exogen¬ 
ously  expressed  Pin2  are  specific  and  related  to 
telomeres  shortening.  First,  Pin2-induced  apoptosis 
depends  on  the  concentration  of  unbound  Pin2,  which 
is  likely  to  be  higher  in  cells  with  short  telomeres. 
Second,  Pin2  induces  apoptosis  only  in  cells  containing 
short  telomeres,  but  not  in  cells  containing  long 
telomeres,  similar  to  apoptosis  induced  by  inhibition 
of  telomerase  (Hahn  et  al,  1999;  Herbert  et  al ,  1999; 
Zhang  et  al ,  1999).  Third,  up-regulation  of  Pin2  leads 
to  activation  of  caspase-3,  a  key  executioner  of 
apoptosis,  that  is  responsible  either  partially  or  totally 
for  the  proteolytic  cleavage  of  many  essential  proteins 
during  apoptosis  (Cryns  and  Yuan,  1998).  Fourth, 
inhibition  of  caspase-3  suppresses  the  ability  of  Pin2  to 
induce  apoptosis,  indicating  that  activation  of  easpase- 
3  plays  an  important  role  during  Pin2-induced 
apoptosis.  These  results  argue  that  the  ratio  of  Tree’ 
and  ‘bound’  Pin2  is  crucial  for  cells,  and  increases  as 
telomeres  shorten,  eventually  leading  to  apoptotic  cell 
death  by  mitotic  catastrophe. 

The  findings  that  Pin2/TRF1  induces  entry  into 
mitosis  and  apoptosis  are  consistent  with  previous 
reports.  Deletion  of  telomeres  also  induces  mitotic 
arrest  and  apoptosis  in  Drosophila  eyes  in  vivo  (Ahmad 
and  Golic,  1999),  Furthermore,  apoptosis  is  also 
triggered  by  inhibiting  telomerase  via  expression  of 
antisense  nucleotide  or  dominant-negative  mutants  (Fu 
ei  al,  1999;  Hahn  et  al ,  1999;  Herbert  et  al,  1999; 
Kondo  et  al ,  1998a, b,c;  Lee  et  al ,  1998;  Zhang  et  al , 
1999)  and  inhibition  of  the  telomeric  protein  TRF2 
(Karlseder  et  al ,  1999).  These  results  consistently  show 
that  modulating  telomere  length  can  affect  mitosis  and 
lead  to  apoptosis.  Furthermore,  we  have  previously 
shown  that  the  expression  level  of  Pin2/TRF1  is  cell 
cycle-dependent  (Shen  et  al ,  1997).  Pin2/TRF1  is 
significantly  increased  when  cells  reach  late  G2  and 
M  phase  of  the  cell  cycle,  followed  by  degradation 
before  cells  exit  from  mitosis.  Together  with  the 
findings  that  Pin2  contains  a  D-like  motif  similar  to 
the  destruction  box  present  in  many  mitotic  proteins, 
we  have  previously  proposed  that  degradation  of  Pin2/ 
TRF1  may  be  required  for  cells  to  exit  from  mitosis 
(Shen  et  al ,  1997),  Our  current  results,  showing  that 
overexpression  of  Pin2  leads  to  mitotic  entry  followed 
by  apoptosis,  further  support  the  idea  that  the  function 
of  Pin2/TRF1  is  tightly  regulated  during  mitosis, 
Pin2-induced  apoptosis  depends  on  telomere  length 
in  cells.  Whereas  Pin2  potently  induces  apoptosis  in 
cells  containing  short  telomeres,  such  as  HeLa  cells,  A- 
T22IJE-T  and  A431,  Pin2  fails  to  induce  apoptosis  in 
cells  with  long  telomeres,  such  as  293,  HT1080  and 
HeLa  1.2. 11,  a  HeLa  subclone  containing  long  telo¬ 
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meres,  even  though  the  protein  is  expressed  and  highly 
concentrated  at  long  telomeres  in  these  cells.  This 
finding  that  the  ability  of  Pin2  to  induce  apoptosis 
depends  on  telomere  length  may  provide  an  explana¬ 
tion  for  why  TRF1  has  not  been  shown  to  induce 
apoptosis  in  some  cells,  including  HT1080  cells 
(Karlseder  et  al ,,  1999;  van  Steensel  and  de  Lange, 
1997).  It  is  also  consistent  with  the  recent  demonstra¬ 
tion  that  the  ability  of  inhibiting  telomerase  to  induce 
apoptosis  highly  depends  on  the  length  of  telomeres 
(Zhang  et  al ,  1999),  Expression  of  dominant-negative 
telomerase  mutants  induces  apoptosis  only  in  cells  that 
contain  short  telomeres,  although  it  does  not  induce 
further  shortening  of  telomeres  (Zhang  et  al ,  1999), 
Similarly,  expression  of  Pin2  in  those  cells  containing 
short  telomeres  does  not  further  shorten  telomeres 
(data  not  shown).  Since  telomere  length  is  sensed  by 
the  concentration  of  bound  telomeric  proteins,  as 
shown  in  the  case  of  Raplp  (Marcand  et  al ,  1997),  a 
high  concentration  of  bound  Pin2/TRF1  in  long 
telomere  cells  could  be  a  signal  that  the  telomeres  are 
long  enough  for  cells  to  continue  dividing.  Conversely, 
a  high  concentration  of  unbound  Pin2/TRF1  in  short 
telomere  cells  could  indicate  that  the  telomeres  are  too 
short  for  the  cell  to  divide.  This  latter  possibility  is 
supported  by  our  findings  that  the  point  mutant  in  the 
DNA-binding  domain  does  not  bind  to  the  telomeric 
DNA  but  still  potently  induces  apoptosis.  Therefore, 
telomere  length  and  the  concentration  of  unbound  Pin2 
may  be  important  signals  for  cell  proliferation. 

Although  modulating  the  function  of  telomerase  or 
either  telomeric  protein  Pin2/TRF1  or  TRF2  can  all 
lead  to  apoptosis,  the  molecular  pathways  involved 
seem  quite  different.  It  has  been  demonstrated  that 
apoptosis  induced  by  inhibition  of  TRF2  is  ATM-  and 
p53-dependent  (Karlseder  et  al ,  1999).  However,  p53  is 
also  functionally  absent  from  all  of  cell  lines  sensitive 
to  Pin2/TRF1 -induced  apoptosis  in  our  studies  due  to 
the  presence  of  HPV  E6  or  SV40  T  antigen  in  these 
cells.  Together  with  findings  that  Pin2  or  TRF1  also 
potently  induced  apoptosis  in  ATM-negative  A- 
T22IJE-T  cells,  these  results  indicate  that  Pin2/TRF1 
induced  apoptosis  is  ATM-  and  p53-independent. 
Similarly,  p53  is  also  not  required  for  apoptosis 
observed  in  telomerase-inhibited  cells  (Zhang  et  al, 
1999).  Given  that  both  overexpression  of  Pin2/TRF1 
and  inhibition  of  telomerase  inhibit  telomere  elonga¬ 
tion  (Hahn  et  al,  1999;  Herbert  et  al,  1999;  van 
Steensel  and  de  Lange,  1997;  Zhang  et  al,  1999),  it  is 
conceivable  that  Pin2/TRF1  may  induce  apoptosis  via 
a  mechanism  similar  to  that  of  telomerase  inhibition, 
although  the  actual  signal  to  activate  apoptosis  remains 
to  be  elucidated.  At  least  two  different  signaling 
pathways  exist  in  telomere-mediated  apoptosis.  One  is 
the  ATM-  and  p53-dependent  pathway  that  is 
activated  by  inhibition  of  TRF2  and  the  other  is  the 
ATM-  and  p53-independent  pathway  that  is  activated 
by  inhibition  of  telomere  elongation  via  up-regulating 
Pin2/TRF1  or  inhibiting  telomerase.  The  ability  to 
pinpoint  the  induction  of  apoptosis  in  these  two 
pathways  may  provide  a  powerful  tool  to  investigate 
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the  molecular  nature  of  the  apoptotic  response  to 
telomere  dysfunction. 

Although  it  remains  to  be  determined  whether  Pin2/ 
TRF1  is  able  to  induce  mitosis  and  apoptosis  under 
physiological  conditions,  there  are  at  least  two 
pathological  conditions  where  Pin2/TRF1 -induced 
apoptosis  may  be  important.  One  condition  is  the 
genetic  disorder  ataxia-telangiectasia  caused  by  ATM 
mutations.  These  patients  are  hypersensitive  to  irradia¬ 
tion  and  cells  derived  from  the  patients  contain  short 
telomeres  and  display  a  prominent  G2/M  checkpoint 
defect  upon  irradiation.  These  ATM-negative  cells  fail 
to  delay  entry  into  mitosis  and  instead  are  prone  to 
enter  mitosis  and  apoptosis  after  irradiation  (Metcalfe 
et  al,  1996;  Pandita  et  al ,  1995;  Smiienov  et  al ,  1997; 
Xia  et  al,  1996),  Significantly,  the  hypersensitivity  to 
ionizing  radiation  is  correlated  with  telomere  loss 
(Metcalfe  et  al. ,  1996;  Pandita  et  al,  1995;  Smiienov 
et  al,  1997;  Xia  et  al,  1996).  Interestingly,  we  have 
shown  that  ATM  binds  and  negatively  regulate  the 
function  of  Pin2/TRF1  presumably  via  phosphoryla¬ 
tion  (Kishi  et  al,  a  manuscript  submitted).  More 
significantly,  if  the  function  of  endogenous  Pin2/ 
TRF1  in  ATM-negative  cells  is  inhibited  by  stably 
expressing  dominant-negative  Pin2,  cells  are  no  longer 
sensitive  to  irradiation.  Following  irradiation,  the  Pin2/ 
TRF1 -inhibited  A-T  cells  do  not  enter  mitosis  and 
apoptosis,  but  instead  delay  entry  into  mitosis,  which  is 
a  normal  DNA  damage  response  for  repairing 
damaged  DNA,  These  results  indicate  that  inhibition 
of  endogenous  Pin2/TRF1  function  is  sufficient  to 
prevent  DNA  damage-induced  mitosis  and  apoptosis, 
and  also  suggest  that  endogenous  Pin2/TRF1  in  ATM- 
negative  cells  is  able  to  induce  mitosis  and  apoptosis,  at 
least  upon  DNA  damage  (Kishi  et  al,  manuscript 
submitted).  Another  pathological  condition  where 
Pin2/TRF1 -induced  apoptosis  may  be  significant  is 
cancer  cells.  In  contrast  to  most  somatic  cells,  where 
telomeres  are  shortened  with  each  cell  division  and 
there  is  a  limited  life  span,  cancer  cells  have  an 
unlimited  cell  division  potential  and  have  to  maintain 
their  telomeres  (Greider  and  Blackburn,  1996;  Lund- 
blad,  2000;  Zakian,  1995),  To  maintain  this  continuous 
cell  division,  the  function  of  Pin2/TRF1  is  likely  to  be 
down-regulated  in  these  cancer  cells  since  up-regulation 
of  Pin2/TRF1  results  in  telomere  shortening,  as  shown 
previously  (van  Steensel  and  de  Lange,  1997),  and 
induces  apoptosis,  as  shown  here.  Indeed,  we  have  now 
found  that  Pin2/TRF1  is  significantly  down-regulated 
in  most  human  breast  cancer  samples,  as  confirmed 
both  by  immunostaining  and  immunoblotting  analysis. 
A  recent  immunohistochemical  study  also  revealed  a 
similar  down-regulation  of  Pin2/TRF1  in  gastrointest¬ 
inal  tumors  (Aragona  et  al,  2000),  Although  the 
relationship  between  down-regulation  of  Pin2  and 
telomere  length  in  tumor  cells  remains  to  be  addressed, 
these  results  suggest  that  down-regulation  of  Pin2/ 
TRF1  may  be  a  general  phenomenon  in  cancer  and 
this  down-regulation  may  allow  cancer  cells  to  extend 
their  proliferative  potential  Further  studies  on  the  role 
of  Pin2/TRF1  in  modulating  cell  proliferation  and  cell 


death  may  help  understand  the  role  of  telomere 
maintenance  in  cellular  aging  and  transformation. 


Materials  and  methods 

Transient  transfection  and  apoptosis  assays 

For  detecting  apoptosis  using  $-gal  assay,  cells  were  co¬ 
transfected  with  pSV2-laeZ  and  vector  encoding  wild-type  or 
mutant  Pin2  for  48-60  h  by  using  the  Superfect  reagents 
(Qiagen),  fixed  with  0.5%  glutaraldehyde  and  stained  with  X- 
gal,  as  described  (Kumar  et  al,  1994;  Mayo  et  al,  1997),  For 
the  TUNEL  assay,  cells  were  cotransfected  with  PIn2 
expression  construct  and  the  cell  surface  marker  CD20  for 
36  h  and  then  stained  with  anti-CD20  antibody  (Pharmin- 
gen),  as  described  (Zhu  et  al,  1993).  The  stained  cells  were 
subjected  to  TUNEL  staining  and  analysed  by  flow 
cytometry,  as  described  (Douglas  et  al,  1998;  Gavrieli  et 
al,  1992).  To  directly  observe  the  morphology  of  Pin2 
expressing  cells,  Pin2  and  its  various  mutants  were  expressed 
as  C-terminal  fusion  proteins  with  GFP  in  cells  (Clontech). 
Respective  vectors  were  used  in  all  transfections  as  controls. 
Transfected  living  cells  were  monitored  over  time  and  fixed  at 
various  time  points.  The  indexes  of  interphase,  mitotic  and 
apoptotic  cells  were  determined  after  staining  the  cells  with 
the  DNA-binding  dye  DAPI  or  the  mitosis-specific  mono¬ 
clonal  antibody  MPM-2,  as  described  (Lu  and  Hunter,  1995; 
Shen  et  al,  1997).  The  apoptosis  rate  was  determined  by 
counting  about  300-400  GFP-positive  cells. 

Analysis  of  telomere  restriction  fragment  length 

Telomere  restriction  fragment  length  was  determined,  as 
described  previously  (van  Steensel  and  de  Lange,  1997).  In 
brief,  genomic  DNA  was  isolated  from  the  cultured  cells 
using  QIAamp  Tissue  Kit  (QIAGEN),  and  digested  with 
Hinfi  and  RSAl  (New  England  Bio  Labs)  to  generate  the 
telomere  restriction  enzyme  fragments.  Ten  ptg  of  genomic 
DNA  was  separated  on  a  0.7%  agarose  gel.  This  gel  was 
hybridized  directly  to  a  32P-Iabeled  telomere  probe,  which  was 
made  with  (AATCCC)  primer  using  pSP73  Sty  11  plasmid  as 
a  template  in  Kienow  fragment. 

Cell  cycle  analysis 

To  enrich  cells  in  Gl,  cells  were  treated  with  20  pM  lovastatin 
for  20  h,  as  described  (Jakobisiak  et  al,  1991;  Keyomarsi  et 
al,  1991).  To  block  cells  at  mitosis,  cells  were  incubated 
100  ng/ml  nocodazole  for  16  h.  For  cell  cycle  analysis,  cells 
were  harvested  by  trypsinization,  re-suspended  in  DMEM 
supplemented  with  10%  serum,  washed  in  PBS,  and  then 
fixed  in  70%  ethanol.  After  washing  cells  once  with  PBS 
containing  1%  BSA,  DNA  was  stained  with  propidium 
iodide  (10  pg/ml)  containing  250  pg/ml  of  ribonuclease  A, 
followed  by  flow  cytometry  analysis  (Becton-Dickinson),  as 
described  (Lu  and  Hunter,  1995). 

Flow  cytometric  analysis  of  caspase-3  activation  and  treatment 
of  caspase-3  inhibitor 

After  28  h  of  transfection  with  GFP-Pin2  or  TM-GFP 
expression  construct,  HeLa  cells  were  fixed  and  then 
immunostained  with  cleaved  caspase-3  antibody  (Cell  Signal¬ 
ing  Technology),  followed  by  Rhodamine-conjugated  anti¬ 
rabbit  secondary  antibodies,  as  described  (Belloc  et  al,  2000), 
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The  stained  cells  were  analysed  by  flow  cytometry  for  the 
detection  of  caspase-3  activation.  To  inhibit  caspase-3,  10  pM 
of  Ac- Asp-Glu-V al- Asp-CHO  (Ac-DEVD-CHO)  was  added 
to  cells  before  transfection. 


Expression  of  Pin2/TRF1  in  human  cancer  tissues 

Fifty-one  cancerous  and  10  normal  breast  tissue  specimen 
were  randomly  selected.  Tissue  from  the  core  of  the  tumor 
had  been  snap  frozen  in  liquid  nitrogen  and  powderized  using 
a  Microdismembrator  (Braun).  About  10  jug  of  the  powder¬ 
ized  tissues  were  re-suspended  in  100  pi  of  SDS  sample 
buffer.  Immunoblotting  analysis  with  anti-Pin2/TRFl  and 
anti-actin  antibodies  was  performed  as  described  (Shen  ei  al. , 
1997).  Levels  of  Pin2/TRF1  were  semi-quantified  using 
Imagequant  and  the  significance  of  the  differences  in  Pin2/ 
TRF1  levels  between  normal  and  cancer  tissues  was  analysed, 
as  described  (Lu  et  at. ,  1999a).  To  detect  the  localization  of 
Pin2/TRF1  in  human  tissues,  50  pm  sections  were  cut  from 
breast  cancer  tissues,  and  then  microwaved  in  an  antigen 
retrieval  buffer  (Biogenex),  as  described  by  the  manufacturer. 
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Endogenous  peroxidase  activity  was  blocked  with  H202s  the 
sections  were  incubated  with  anti-Pin2/TRFl  antibodies  that 
had  been  purified  using  GST-Pin2  glutathione  beads  (Shen  et 
ol.s  1997),  and  visualized  by  the  immunoperoxidase  staining 
protocol,  as  described  (Lu  et  al .,  1999a). 
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